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INTR OCUCTION

In recent years considerable attention has been directed to the problem of cracking of
asphalt pavements resulting from repeated applications of traffic loads. This form of
distress (termed fatigue herein) has been associated by Hveem (1) both with excessive de-
flection of the structural pavement section under load and with frequent repetitions of
heavy vehicles.

Failures of this type in otherwise well designed pavements has created a need for methods
of predicting the transient deflections of a pavement in order to assess the magnitude of
the strains developed in the surfacing which, in turn, appear to determine the fatigue life
of the pavement,

Because fatigue failures result from instantaneous and recoverable deflections in the
pavement components and are not necessarily associated with any plastic or permanent
deformations, it might reasonably be expected that the deflections to which they are at-
tributed could be calculated, at least approximately, from appropriate elastic theory for
layered systems. Information illustrating the feasibility of such an approach has already
been presented (2,3,4). With the advent of modern electronic computers, some of the
computational difficulties associated with the above noted procedures have been minimized;
thus, so long as appropriate material response characteristics are available, it would
now (1968) appear practicable to use such techniques to study the response of in-gervice
pavements (5) and to consider the use of these methods in design (6).

Under certain circumstances, the subgrade soil may be a major contributor to these
transient deflections (7). Recent laboratory studies of compacted clays have demonstrated
that their resilient (or elastic) characteristics are dependent on water content, dry density
and method of compaction (8). Moreover, these studies have shown that certain soils when
compacted to high degrees of saturation tend to be more resilient than when they are com-
pacted to corresponding densities at lower degrees of saturation, In addition, these in-
vestigations indicate that methods of compaction (in the laboratory) which tend to induce
large shearing deformations cause fine-grained soils to be more resilient than do those
methods which induce lesser amounts of deformation.

From studies of the AASHO Road Test subgrade soil, Seed et al (8) bave indicated that
kneading compaction in the laboratory can produce the same degree of regilience in labor-
atory prepared specimens of soil as that developed in the same soil when compacted in the
field to high degrees of saturation by pneumatic~tired rollers.

While it has been demonstrated that the resilient characteristics of soils are related to
the transient deflections of pavements (3,4,7) and that these characteristics are influenced
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by compaction conditions, no systematic studies have developed which (1) relate the influ-
ence of water content and dry density of fine-grained soils to the deflection of actual pave-
ment structures and (2) define the influence of compaction equipment in developing varying
degrees of resilient behavior in these materials,

The objectives the investigation reported herein were thus (1) to determine the influence
of water content and method of field compaction on the resilience characteristics of a com-
pacted clay and the influence of these characteristics, in turn, on the surface deflection of
an asphalt concrete pavement; and (2) to ascertain the feasibility of the use of laboratory
determined material characteristics together with appropriate theory to predict the re-
sponse to load of a pavement constructed by conventional techniques.

Because of the scope of such an undertaking, personnel, time, and effort of a number of
organizations were required. These organizations included, the County of Contra Costa,
the Gordon Ball Company, the Materials and Research Department of the State of California
Division of Highways, and the University of California, VW hile the investigation did not at-
tain both of the objectives noted above, it should be emphasized at the outset that it did
demonstrate the feasibility of a number of interested groups working together in a unique
joint venture to attain a specific objective and hopefully can serve as a pattern for future
investigations,

Essentially this report presents the results of the investigations conducted by the staff
of the University of California on this project and hopefully emphasizes as well the con~
tributions of each of the agencies involved. In addition, since the investigation was coOn-
cerned primarily with the response of the subgrade soil both as affected by placement con-
ditions and method of compaction, a brief summary of available laboratory and field data
pertaining to compacted clays is included in order to provide a perspective for the results
presented herein,

This work was done in cooperation with the California Division of Highways. The opin-
jons and conclusions expressed in this publication are those of the authors and not neces-

sarily those of the Division of Highways.

BACKGROUND

The purpose of soil compaction is to achieve improvement in one or a numbex of secil
properties; among those properties of importance to the paving engineer are;
1, Compressibility
2, Strength
3, Volume change characteristics (L e., shrinkage and swell)
4

. Resilience




In the investigation reported herein, resilience has been the property of major interest.
By resilience is meant the recoverable deformation obtained when transient ({raffic) loads
are applied and removed, This form of deformation has received considerable atiention
in recent years since it would appear related to the rupture mode of distress (fatigue) oc~
curring, at times, in asphalt concrete surfaces of otherwise well designed pavement struc-
tures,

At the same time since considerable information has been developed relative to all of the
above noted properties of compacted soils, this section will include not only a discussion of
known information on resilience but also pertinent available data on the other properties as
well, In this regard the research of Seed et al (8, 9, 10) will be drawn upon particularly
for this summary,

In the ensuing discussion, it will be noted that much of the available information is de-
veloped from data on laboratory compacted specimens. Only limited information is available
on properties of field compacted materials and, as noted in the introduction, is one of the
major reasons for this investigation; however, this information is also briefly summarized,
In addition, as a part of this section, available information indicating comparisons of the
relationships between water content and dry density for laboratory prepared and field com-
pacted materials is presented. This latter is confined, in the case of field compacted ma~
terials, to information obtained with sheepsfoot and pneumatic~tired rollers since the field
experiment was limited to these types of equipment,

Finally it should be noted that the discussion is limited to compacted cohesive soils since
proper compaction specifications may involve more than a requarement for a minimum ac-
ceptable density (as is currently the situation) to attain the properties noted above. This is
in contrast to the situation for granular materials where high densities generally reflect

the most desirable situation with respect to such properties as strength and compressibility.

Structure of Compacted Clay

A knowledge of the arrangement of clay particles in a compacted soil is useful in de-
veloping an understanding of properties. Lambe (11) has suggested arrangements of the
platelike clay particles in compacted soils as shown in Fig. 1 and has verified these ar-

rangements using techniques developed by Mitchell (12).

In this figure it will be noted that at water contents dry of optimum for particular com-
pactive efforts (i.e., at A and E) the particles are arranged in a random array. This ar~
rangement of grains has heen termed a "flocculated' structure. With increase in water
content, decreased interparticle attractions and increased repulsions due to expanded
double layers of ions surrounding the clay particles permit the development of parallel

particle arrangements which are termed "dispersed'' structures (i.e., at C and D}.
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More recently, Seed and Chan (9) have shown that for most soils simply increasing the
water content at compaction is not sufficient to create the dispersed structures shown in
Fig. 1. Rather it is necessary to also induce shear strains in the material to force the
plate-like particles into the parallel arrangements, Their studies have indicated that if
the method of compaction does not cause comparatively large shear strains in the soil
(e.g., static compaction in the case of laboratory prepared materials) then dispersed
structures will not form. They also determined that some soils would not form dispersed
structures at any compaction water content or as a result of unlimited shear strain during
the compaction process. In general, however, at water contents dry of optimum for a
particular compactive effort the structure will be flocculated regardless of the method of
compaction,

Dispersed and flocculated compacted soil structures exhibit some district differences in
mechanical properties which Mitchell (13) has concisely summarized as follows (note: in
each case specimens are assumed to be at the same water content and dry density):

1, Dispersed structures are more compressible than flocculated structures.

2. Dispersed structures will shrink more on drying from the as-compacted state
but will swell less on exposure to water than flocculated structures.

3. Flocculated structures are stiffer than dispersed structures; i.e., the slope
of the initial portion of the stress vs. strain curve for a material with a
flocculent structure is steeper than that for a material with a dispersed

siructure,

4, Dispersed structures will exhibit more tofal and resilient strain under re-

peated loads than flocculated structures.

These points will permit the explanation of the variation of a number of the observed
properties with compaction conditions. Moreover the concepts presented above may have
major import with respect to selection of field compaction conditions and the selection of
the type of field equipment used to bring a particular soil to the desired state. Hopefully,
the information summarized in the remaining portion of this section will provide at least
a preliminary indication of the thought which should be given to the preparation of subgrades
for highway pavements.

Properties of Laboratory Compacted Fine~Grained Soils

Compressibility. Generally, compressibility is minimized by compacting the soil to

as high a density as is practicable with current methods of compaction. For structural




pavement sections for heavy duty highways, the dgree of compaction should be expressed in
terms of the modified AASHO compaction test (or the California Impact Compaction Test)
to achieve the necessary degree of compaction,

The Corps of Engineers have presented a useful guide, termed the compaction index, to
assist the engineer in developing the necessary degree of compaction with depth (14) to
minimize densification under traffic, Percent compaction vs. compaction index curves are
shown in Fig. 2, and form the basis for compaction requirements shown in Table 1 for a
typical highway load and a current aircraft loading.

Volume Change Characteristics, In Fig, 3 is shown the influence of molding water con-

tent and soil structure on the swelling characteristics of a sandy clay (9). The change in
watex\- content shown in this figure has been divided into that required for saturation at con-
stant volume and that due to swelling, From this data it is apparent that the lower the
water content at compaction, the larger may be the water content increase due to swelling,

Fig. 4 illustrates variations in swell pressure with molding water content for the same
material, As seen in this figure, swell pressures of considerable magnitude may develop
when the sandy clay is compacted dry of optimum for a particular compactive effort.

Method of compaction may also influence swelling characteristics as noted in Fig. 5.
Kneading compaction wet of optimum produces more dispersed structures than static com-
paction for the same conditions because of the larger shear strains associated with the
kneading process,

The data in general thus indicate that flocculent structures tend to swell more than dis-
persed structures and that to minimize swell or swell pressure, fine-grained soils should
be compacted wet of optimum for a particular compactive effort or to a high degree of satu-
ration. Even under these conditions, however, depending upon the amount of shearing
deformation during the compaction process, varying amounts of expansion may be obtained.

To identify a soil to determine whether such congiderations may be necessary at com-
paction, Seed et al (15) have suggested that the plasticity index appears to be a good indica-
tion of the swelling potential of cohesive materials under low surcharge (approximately one
psi). The higher the plasticity index, as noted in Table 2, the grecter the swelling potential.

As with swell characteristics, shrinkage is dependent both on molding water content and
method of compaction, Both influences are illustrated in Fig. 6 for specimens of silty
clay. In contrast to the recommendation for swell, the data in this figure indicate that to
minimize shrinkage it is desirable to compact dry of optimum for a particular compactive
effort and, in effect, produce a flocculated structure.

Such data thus indicate a point which will be reiterated in following sections; that is, it
may be necessary to compromise in the selection of compaction conditions, keeping in mind

a series of confliciing requirements which the goil is expected to meet,




Strength Characteristics. Both the compaction conditions (water content and dry density)

and the method of compaction may have a significant influence on the stress vs. deformation
and strength characteristics of compacted clays, As in the previous section, data developed
by Seed et al (9, 10) will be utilized to illustrate these influences.

In considering the effects of compaction conditions and method of compaction it is desir-
able to examine separately the stress-deformation and strength characteristics for mate~
rials tested in the as-compacted condition and after soaking since both conditions may be
applicable to highway subgrades.

As-compacted Conditions, Fig. 7 illustrates the variation in stabilometer "R'' values

over a range in water contents and dry densities for specimens of silty clay prepared by
kneading compaction. Similar data are presented in Fig, 8 for the same material (pre-
pared by kneading compaction) tested in friaxial compression with constant confining pres-
sure. In this figure strength data are presented for two definitions of strength, i,e., the
stress required to cause 5 percent strain and the stress to cause 25 percent strain, In
most instances, behavior at low strains is of greatest interest in highway work. Accord-
ingly, as noted in Fig. 8b, it can be seen that the highest strengths are obtained at water
contents dry of optimum for a particular compactive effort* and that the higher the density
the greater the strength, Similar results are shown in Fig. 7 gince the stabilometer test
is essentially a measure of the response of the soil at small deformations. V. et of opti-
mum, on the other hand, the strength may not always increase with an increase in density
as seen in Fig, 8¢ or in Fig. 7. When the strength is defined as the stress to cause 2
small strain, the shape of the siress-strain curve, which in turn is influenced by soil siruc-
ture, has a marked influence on strengih. At high strains, however, structural differences
have been eliminmated and strength increases regularly with density as noted in Fig. 8d.

1t should also be noted that the type of behavior illustrated in Fig, 8e may not be
representative for all soils since there are certain soil types in which neither water content
increases nor shearing strain during compaction is sufficient to cause dispersion wet of the
line of optimums. Such behavior is illustrated in Fig. 9 for a highly plastic clay and a
sandy clay.

Thus, strength characteristics cannot be predicted simply. At the present time,

strength determination in the laboratory is the best means available.

direct

Saturation After Compaction. The relationships between soaked strength and initial com-

*QOr in general dry of the " ine-of-optimums' (i.e. the locus of points of maximum dry
density and optimum water content for a series of compactive efforts).




paction conditions depend on a number of factors including initial soil structures, swelling
characteristics, surcharge pressure during soaking, and the strain at which strength is
defined.

Data presented in Fig. 10 illustrate a procedure for determining the strength after
soaking for a range in compaction conditions for a silty clay. Results shown in this figure
are for samples soaked at essentially constant volume (i e, , little or no change in dry
density). The final diagram in which contours of equal strength have been superimposed on
the dry density vs., water content relationship is particularly useful in assisting the engineer
to select the compaction conditions to obtain a particular level of strength,

The data presented in Fig, 10 are based on strengths defined at small strains. Fig. 11
illustrates the effect of water content and dry density when strength is defined at a com-
paratively large strain. As noted earlier, structural differences are eliminated and the
expected resuli that strength increases with density is obtained.

W hile the above data have been presented for a soil soaked at constant volume, a var-
iety of responses may be obtained for soils exhibiting volume change during the process of
saturation and, as noted previously, the relationship between strength after soaking and
initial composition will depend on the amount of swell or expansion, initial structure, dry
density, water content, strainatfailure and the relative influence of these factors for a given soil,

To illustrate the range in response possible, examples will be presented for results
of strength measurements on soaked specimens, For the data presented, the CBR will be
used to represent a measure of the strength of soil, Like the "R " value, this strength index
is a measure of strength at a comparatively small strain, Morecver it should be noted that
these data represent soaking under conditions of low surcharge which are representative of
the surcharge conditions existing in the subgrades of highway pavements,

Data for a lean clay are presented in Fig, 12, For this material, as noted from the
strength contours, the lower the water conten{ and higher the dry density, the higher the
soaked strength. Thus, for field compaction at a particular dry demsity, it would appear
desirable (from a strength standpoint) to compact this material comparatively dry.

Fig. 13 presents data obtained for another silty clay. As noted from the strengthcon-
tours, it appears desirable to compact this material to 2 condition in the vicinity of the

"line-of-optimums. " For a particular level of dry density, moreover, water content

control at compaction is necessary in order to achieve a specific strength,
Finally, the data for a highly plastic clay are presented in Fig, 14, For this material
it will be noted that it is necessary to not only control the water content but algoto control

the dry density to achieve the highest strength after soaking,
As with strength in the as-compacted conditions strength characteristics of materials




saturated after compaction cannot be simply predicted. Accordingly, as noted previously,
direct strength determination in the laboratory is the best means available,

Resilience Characteristics, When a soil is subjected to a series of repeated, short-
duration loadings, both permanent and recoverable deformations are observed (8). After
a comparatively small number of stress repetitions, the permanent deformation caused by
each subsequent repetition is small compared to the total deformation (so long as the
stress is not of sufficient magnitude to cause failure), whereas the recoverable deforma-

tion may still be a significant amount. This recoverable deformation, referred to as re-
silient deformation herein, is of particular interest in pavement design since such deforma-
tion may contribute to the fatigue mode of distress of otherwise well designed pavement
structures,

As with the other properties of compacted soils, the resilience characteristics of fine~
grained soils are significantly influenced by compaction conditions. The work of Seed et
al (8) can also be drawn upon to indicate the effects of these conditions,

In the investigations of Seed and his associates, soils were subjected to repeated loads
of durations corresponding to those which occur in actual pavements and to a range in fre-
quencies of load application, By measuring the resilient strain in a repeated-load triaxial

compression test, a resilient modulus can be determined from

a
M, = e—f PP ¢
where
Mr = modulus of resilient deformation, psi (analogous to an elastic modulus)
o4 = repeatedly applied deviator stress, psi
€. = resilient axial strain corresponding to a particular number of stress

repetitions, in, per in
Typical results from this type of testing are shown in Fig. 15.
From investigations covering a range in compaction conditions and soil types, the factors
influencing the resilience of clays may be summarized as follows (3}:
1, Number of stress applications, Resilient deformations generally decrease as the num-
ber of load repetitions increase (Fig. 15). Accordingly, deformations determined un-

der a relatively small number of stress applications may present a misleading picture

of the resilience characteristics of subgrade goils.

2. Stress intensity. As shown in Fig, 16, the resilient modulus increases as the intensity

of stress decreases., This factor is extremely important, as will be seen subsequently,

when analyzing stresses and deflections in pavement structures,




3. Method of compaction. Methods of compaction which tend to produce.dispersed struc-

tures on soils tend to produce lower moduli of resilient deformation, This point is il-
lustrated in Fig. 17 in which is presented a comparison of the results of tests on samples
prepared by static and kneading compaction procedures,

4, Compaction density and water content. The influence of compaction conditions on the re-
silience characteristics of the AASHO subgrade material is summarized in Fig, 18.

As the degree of saturation at compaction increases the resilient deformation at a
particular stress level increases and the resilient modulus decreases, This is also
true for other materials as shown in Fig, 19.

5. Changes in water content and dry density after compaction, In general, as the water con-

tent of the soil increases due to water absorption after placement, resilience increases;
on the other hand, as the density increases, resilience decreases. Both points are il-
lustrated in Figs. 20 and 21,

6. Age at initial loading. Samples compacted to high degrees of saturation increase in
strength with time, * The resilient strain determined for small numbers of stress ap-
plications decreases as the time interval between compaction and testing increases, as
shown in Fig. 22. However, after large numbers of stress repetitions, because of
thixotropic changes and deformations occurring during repeated loading, the effects of
aging are reduced and essentially the same results are obtained for specimens tested

immediately after compaction as for specimens tested after a delay.

From this summary it can thus be seen that the initial compaction conditions as well as
the method of compaction have an influence on the resilient response of fine-grained soils.
As with the other properties it emphasizes the fact that careful attention must be paid to any
laboratory measurement program designed fo simulate field conditions, Moreover it em-
phasizes the need for an indication of the relation between properties of the same material
prepared in the field as in the laboratory.

Asg an indication of the dilemma faced by the designer, consider the situation of a sample
which has been prepared by kneading compaction and soaked to a condition representative of
that expected at some subsequent time after placement. Resilient response for such a sam-
ple is shown in Fig. 23, If the designer were to prepare the sample to the same final con-
ditions immediately by kneading compaction in order to saxe time in the laboratory (since it

ay be a factor which should be considered

*Although this point was not discussed earlier it m
ils are being considered,

by the designer where the strength of compacted so
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takes considerable time for the material to become saturated) he would obtain a different
result, if the soil were subject to digspersion, as shown in Fig. 23. If on the other hand
this soil were prepared by static compaction to the same conditions recognizing that soil
structure plays a role in defining soil response to small deformations, essentially the same
result would be obtained (Fig. 23) as for the situation where the sample was prepared dry
by kneading compaction and soaked to the particular state. In this case static compaction
wet of opfimum created essentially the same structure as kneading dry of optimum and for
a particular water content and dry density, structure appears to be the controlling factor
for resilience,

Whether or not either of the samples would depict the results obtained by field compac-
tion equipment is, however, yet {o be ascertained. Nevertheless such an example serves
to illugtrate the considerations which might be taken by the designer in order to develop
realistic designs.

Summary. In general, the data presented in this section indicate that the properties of
laboratory-compacted clayey soils depend on soil type, compaction water content and
density, compaction method, and method of testing, Moreover, the data indicate that
density alone may not be a sufficient criterion to properly reflect desirable soil properties,
and that, at times, conflicting requirements for water content and dry density exist rela~
tive to the properties under consideration, With respect to this latter point, consider the
case of an expansive soil. For such a material it would be desirable to compact the soil
to a high degree of saturation initially in order to minimize expansion under a low sur-
charge. On the other hand, for the same material it would be desirable to compact it dry
of the line of optimums to minimize resilience. If volume change is an overriding con-
sideration and the soil is placed wet, then the designer must recognize that the pavement
section must be designed to account for the increased resilience resulting from this com-
paction condition, Similar discussions might be presented for combinations of other soil
properties. Thus it can be seen that careful attention must be paid to the selection of com-
paction conditions in order to achieve reasonable economies in design. )

Finally it must be emphasized that this discussion has been limited thus far to proper-
ties of laboratory prepared samples. An important consideration, in order that the con-
cepts discussed above can be put to use, is that the engineer must have a kmowledge of the
relationship between properties of field and laboratory compacted samples. Some discus-

sion of limited studies in this area is presented in the next section.
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Properties of Field Compacted Fine-Grained Soils

While a number of different types of compaction equipment are available for field com-
paction of fine-grained soils only two types were considered for this study, namely pneu—-.
matic~tired and sheepsfoot rollers, Available information (e, g., Ref. 16) has shown that
these two types of equipment have been and are widely used to compact fine-grained soils,
Thus studies of the effects of these types of equipment should provide a general indication
as to the properties of field compacted fine-grained materials,

Comparisons Between Field and Laboratory Compaction, In a comparison of properties
of field and laboratory materials it is necessary to have an indication of the relationships
between water content and dry density produced by both field and laboratory compaction
equipment, Accordingly, available data on such comparisons will be presented in this sec-

tion for the two types of rollers. Most of the available data, it should be noted, are based
on comparison of the field data to some form of laboratory impact compaction (generally
the Standard AASHO (T-99), Modified AASHO (T-180) or the British Standard Method),

Pneumatic-Tired Rollers, Fig. 24 presents the results of field tests of pneumatic-
tired rollers (17) using three different roller weights and three different tire inflation
pressures, Also shown in the figure are the results of laboratory impact compaction tests

on the same materials,

From a comparison of the field and laboratory curves it will be noted that the field
curves are slightly steeper to the leff of their line-of-optimums than those producedby
laboratory compaction. To the right of their respective lines-of-optimums, however, the
compaction curves for both types are similaxr, In addition it will be noted that the field line-
of-optimums lies to the right of that determined in the laboratory.

Data from another study (18), shown in Fig. 25, substantiates this latter point, that is,
that the field line-of-optimums lies to the right of that obtained from the laboratory impact
compaction methods; in general all available data substantiate this point.

As will be seen subsequently, when considering the effects of compaction on soil
properties and when selecting field compaction conditions, this difference should be taken
into account,

Sheepsfoot Rollers. A comparison between roller and laboratory results is provided

from tests in which three sheepsfoot rollers with foot areas of 7,14, and 21 sq, in. were

used to compact a silty clay (19). Field curves were developed for 6,12, and 24 passes of
The lines-of-optimums

the rollers all operating a constant contact pressure* of 250 psi.

*Contact pressure for a sheepsfoot roller is usually determined by dividiing tl}e tofal weight
of the roller (welight as it is to be used) by the product of the number of feet in one row and
the contact area per tamper foot, It should be noted that this may have no relation to actual

pressures.
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for the field and laboratory (by impact compaction} compacted soils are shown in Fig, 26,
As noted in this figure in the range of dry densities which might be utilized in construction
(between AASHO T-180 and T-99 maximums) the line of optimums for field compaction lies
to the left of the laboratory line of optimums,

This position of the field line of optimums with respect to the laboratory determined
line bas also been shown by the Road Research Laboratory for four soils which they in-
vestigated (20). Their results are presented in Fig., 27.

As with the pneumatic-tired rollers such response should be considered when select-
ing initial placement conditions,

Equipment Use Considerations, Many of the studies reported in the literature (e.g.

Ref. 16 contains an excellent summary) have had as their major purpose compaction plant
output and the data reported in the previous section has, in reality, been only one of many
findings from such investigations. Relative to equipment operation the following sumroa-
rizes some of the important findings:

Pneumatic-Tired Rollers :

1. The greatest compaction increase results from increasing both tire-inflation pressure
and wheel load, A wheel load increase without a corresponding increase in tire-inflation
pressure has little effect on compaction while an increase in tire-inflaction pressure

without an increase in wheel load tends to produce greater compaction near the surface,

2. The greatest rate of increase in dry density occurs during the first eight passes of the

roller and only small increases are observed after 16 passes.

3. For the normal range of loads and contact pressure compacted lift thicknesses should be
limited to 6 to 8 inches to insure a uniform, high degree of densification. However,
heavy wheel loads and high tire-inflation pressures may provide greater depths of com-
paction but may require precompaction with lighter rollers to prevent initial sinkage and

shaving of the loose 1ift.

Sheepsfoot-Type Rollers:
1, As a general rule, roller feet should have as large areasas practicable and yetbe compat-

ible with adequate unit pressure requirements and proper spacing for cleaning purposes.

2. The number of passes required to obtain a given dry density depends on the foot pressure
and percent coverage per roller pass. These in turn depend upon the gross weight
of the roller, the area of each fooi, and the number of feet in contact with the ground.
Generally the best resulis are obtained when the contact pressure is as large as possible

without exceeding the bearing capacity of the soil,
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3. Compacted lift thickness should not exceed the length of the foot by more than about two
or three inches to achieve a comparatively uniform degree of densification,

Properties of Field Compacted Soils, As noted previously, many of the full-scale field
compaction studies have been concerned primarily with effectiveness of various compaction
equipment in different types of soils. As a part of these studies properties of the field com-
pacted materials were at times measured (17,19,21,22,23), The majority of such reported
data describes the effects of compaction on strength. The study of Seed et al (8) does in-
clude, however, measurements of the resilient characteristics of undisturbed samples of
the AASHO subgrade soil, Data of Zube and Forsyth (7) also include a measure of the re-
silience characteristics of a number of compacted subgrades from throughout the State -of
California,

Strength Characteristics, Laboratory and field studies conducted by the Corps of En~

gineers on compaction included a comparison of laboratory and field strength determinations
for both a silty clay and sandy clay compacted in the field by Sheepsfoot and pneumatic~tired
rollers. Water content, dry density and strength (as defined by the CBR) relationships for
the silty clay are shown in Figs. 28 and 29. B
In Fig. 29 it will be noted that there are significant differences in the strength charac-
teristics (both soaked and unsoaked CBR) between the field and laboratory prepared speci-
mens. In addition it can be seen that there are differences in the strength characteristics
of the field samples compacted by the sheepsfoot and pneumatic-tired rollers, even though
essentially the same water content - dry density relationship had been obtained. One might
therefore, conclude that the soil siructure induced by the laboratory and field compaction
procedures is different and that different methods of field compaction induce different soil

structures.

In this study stress vs, strain characteristics in undrained triaxial compressiontests
were also developed for laboratory prepared (impact compaction) and undisturbed saroples
compacted by both types of equipment. At water contents below optimum for a particular _
compactive effort, the slopes of the stress-strain curves for both laboratory and field pre-
pared specimens were essentially the same, Above optimum, however, the laboratory
prepared materials appeared to have a more dispersed structure than the field prepared

specimens since the slopes of the stress-strain curves for the laboratory specimens were

flatter.
From such data it is difficult to generalize in the relative characteristics of field and

laboratory prepared specimens, However, these data do indicate that the structure of soils
compacted in the field may be different than. that developed in the laboratory and that different
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types of field equipment may produce different structures in fine-grained soils which may,
in turn, affect their strength characteristics.

Regilience Characteristics. Some data are available on the resilience characteristics

of field compacted fine-grained soils and their comparison with laboratory prepared speci-
mens,

Seed et al (8) have presented data comparing the resilient response of undisturbed
samples of the subgrade from the various loops of the AASHO Test Road with specimens
of the same material compacted in the laboratory by both static and kneading compaction
procedures. Results of their tests are presented in Fig, 30 for the untrafficked section
and in Fig, 31 for the sections subjected to traffic. Initially the subgrade was compacted
to a high degree of saturation (wet of the line of optimums) with pneumatic-~tired rollers,

From the data presented in the figures it will be noted that the laboratory kneading
compaction procedure produced specimens with about the same degree of resilience as field
compaction with the pneumatic-tired rollers. From this data it may be concluded, for this
soil at least, that kneading compaction induces a similar structure {o that produced by
pneumatic-tired rolling,

The State of California in developing its resilience design procedure (7) examined the
response of undisturbed samples and corresponding samples of the same materials pre-
pared in the laboratory. Eata supplied by Forsyth (24) and shown in Table 3 would tend to
indicate that laboratory compaction by the kneading process will not necessarily reproduce

the same response as obtained from specimens computed in the field.

Summary. From the data presented it can be seen that the effects of field compaction
must be considered in any systematic laboratory investigation of soil properties for pave-
ment design purposes. Since the structure of fine-grained soils influences their properties,
any laboratory compaction procedure which is used to prepare test specimens must reflect
the structure induced by field compaction procedures.

For samples compacted dry of the line optimums it would appear that static or kneading
compaction should produce resilience characteristics similar to those obtained by field com-
paction procedures to the same conditions of dry density and water content. Wet of the line
of optimums the same generalization cannot be made. In this region, depending upon the
water content and the amount of shearing strain which takes place during the compaction
process, different structures will, in all probability be induced by different compaction
procedures. Moreover, as séen from this discussion, the fact that pneumatic—~tires and
sheepsfoot rollers produce lines-of-optimums differing from that determined in the labora-

tory (at least by impact compaction ) an additional factor is introduced in atteropting to
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agsess the proper method for laboratory conditioning of the soil for testing purposes, par-
ticularly when considering placement conditions near the optimum water content for a par-
ticular compactive effort,

Finally, the ability to place fine-grained soils to specific conditions of water content
and dry density in the field must be considered since variations in properties (such as re-
silience~illustrated in Fig, 18) should be accounted for in any preliminary program.

Tt is with such items in mind that the investigation described in the subsequent sections
was undertaken. More specifically its purpose was to ascertain the effects of sheepsfoot
and pneumatic-tired rolling on the resilience characteristics of a fine-grained soil and the
effects of these characteristics, in turn, on the surface deflections of an asphalt concrete
pavement,

From the discussion presented one might hypothesize that if there is tobe a difference
in structure induced by compaction equipment, this should occur with the sheepsfoot roller,
particularly wet of the line of optimums since this type of equipment has the potential for
inducing comparatively large shearing deformations in the soil, While it is recognized
that shearing deformations are present under pneumatic-tired rollers, it seems reascnable
to assume that they are not as large as those developed under the sheepsfoot roller, par-
ticularly if the tire pressure and roller weight are controlled. This increased shearing
deformation should result in more dispersion and thus increased resiliency in the subgrade.
2ccordingly, larger transient deflections would be expected at the surface of the finished

pavement structure.

TEST ROAD

To meet the objectives discussed in the previous section, a full-scale test road rather
than a prototype pavement appeared in order, Through the efforts of Contra Costa County and
the Gordon H. Ball organization a site was made available to construct the required test
road in early 1966,

vVariables in the test road were to be a range in water contents for the prepared subgrade
together with two different methods for compacting this material through the use of sheeps-
foot and pneumatic-tired rollers. It was expected that the range in water contents as well
as the different methods of compaction would produce different structures in the compacted
clay. By constructing a pavement section of uniform thickness over the subgrade, any
variations in the response of the pavement to load could thus be attributed to the variations

in the subgrade soil which had been induced by compaction water content and method of com-

paction.
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Description

The test road site is shown in Fig. 32. Total length of the roadway which has been
designated Via de Mercados, is approximately 1100 ft. Six test sections were planned to
provide three different water contents for each compactor. The water contents were se-
lected io provide compacted soil conditions in the test sections dry of, in the vicinity of,
and wet of the line of optimums. These six test sections are shown schematically in Fig.
33 and each are approximately 150 ft in length. Also, as noted in Fig, 32 and in Fig. 33,
the test sections were placed only on the east half of the road which has a total width of
48 ft curb to curb.

The structural pavement section, Fig. 34, consists of 1.5 ft of the compacted cohesive
soil on top of the original ground, 0,92 ft (11 in.) of compacted untreated Class II granular
base, and 0, 60 ft (7.2 in) of asphalt concrete placed in three lifts,

Subgrade, The subgrade material for the test road (1. 5 ft of compacted cohesive soil,
Fig. 34) consisted of a silty-clay which was stockpiled near the site prior to the start of
construction, Laboratory tests on this material prior to construction indicated that it
would be a material whose compacted structure would be sensitive to water content at com-
paction and to shearing deformations during the compaction process.

Standards test results for this material are shown in Table 4 and in Fig. 35. According
to the Unified Soil Classification, the material would be classed as a CL soil,

To obtain the desired water content conditions referred to above without establishing
roller compaction curves in the field it was necessary to utilize the results of impact com-
paction tests in this material together with available information on the compaction charac-
teristics of the two types of rollers (such characteristics have been described in a previous
section).

While it was desirable to attempt to compact the goil to a constant density to simplify
interpretation, it was recognized that it would be virtually impossible to do this. It was
recognized also that it would be desirable to compact the soil to a degree of compaction
which would correspond to that required by the user agency (L. e., Conira Costa County).
Accordingly, a relative compaction of 90 percent + 2 percent (based on the California Impact
Compaction Test) was selected.

Laboratory compaction data for this material are presented in Fig. 36. Shown in this
figure also are the acceptable range in dry densities, the laboratory line of optimums, and

estimated field lines of optimums for the two compactors,
Based on the information presented in Fig. 36, water contents of 14, 19, and 22 percent

were selected. These water contents would appear satisfactory to achieve the desired con-

ditions providing that some care would be exercised in preparing the section at 22 percent.
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Fig, 37 illustrates the resulting layout of sections which was zelected to obtain the best
control of water content.

Untreated Agpregate Base. The aggregate used in the base course was obtained from a
source located on the northeast slope of Mt, Diablo (PCA Clayton pit), This material meets
the requirements for a State of California Class 2 Aggregate Base with a 1-1/2 in. maxi-

mum size, Some test properties for the aggregate are presented in Table 5 and its grain
size distribution is illustrated in Fig. 38.

Asphalt Concrete. The asphalt conerete conformed to the State of California require~
ments for a Type B material and was composed of an 85-100 penetration asphalt and a
crushed aggregate from the same source as the untreated base, For the first (bottom)

course a 3/4 in, maximum size material was used whereas a 1/2 in, maximum size mate-

rial was used in the succeeding two courses (Fig. 34).

Construction

Since the test sections were to be located on the site of the access road to the Gordon
H. Ball Equipment Yard, it was necessary to construct the non-test or west position of the
highway (Fig. 32) in its entirety prior to construction of the test road. Following comple~
tion of this portion, traffic was routed over it and construction of the test road was begun

in Qctober 1966.

Site Preparation and Grading. The existing roadway was removed and the resulting sur-
face graded and compacted in preparation for the silty clay subgrade, Compaction was
deemed necessary to insure uniformity of the surface disturbed in the preparatory opera-
tions. An attempt was made fo check the uniformity of the resulting section using a Benkel-
man Beam and loaded truck. Because of the relatively soft nature of the in-place materials

erratic results were obtained and thus are not included in the report. *
A trapezoidal fill, shown in Fig. 33, was then constructed to provide a trench section to

contain the subgrade and base materials.

Subgrade Construction. The subgrade was placed in three lifts using a John Deere self-
loading rubber-~tired scraper. This process required three days of construction time and

proceeded in the following manner. After eight inches of loose material was placed on the

roadway, a farm-type disc pulled by a track-laying tractor wag used to mix the soil, A

water wagon with a pressure apparatus was driven slowly down the nontest roadway spray-

*The Dynaflect, (27) had it been available at the time, or some form of vibratory testing
would appear to be a practical method to make such a check.
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ing the full length of the loose subgrade material. The nozzle was set to cover the enfire
width of the subgrade of the test side in one pass. A second pass was made covering the
middle four sections, On the third pass only the middie two sections were sprayed. After
the disc had mixed the entire width of the subgrade, the watering operation was repeated.
To allow for water loss during compaction, the watering and mixing procedures were con-
tinued until the desired molding water content for each section was slightly exceeded. At
that time the rolling operation was started. *

The sheepsfoot-type roller, a 5x5 pulled by a track-laying tractor, readily achieved the
desired degree of compaction with the 8-in. loose lift. The pneumatic-tired roller, an
11-wheel roller which could not be ballasted (gross wt, 11,200 Ibs, ), required that lifts of
approximately 2-in, be used before the required degree of compaction could be obtained.
This was accomplished by using a motor grader to place the mixed subgrade material in a
berm on one side of the test section and then spreading it in thin lifts and rolling, For the
first 8 in., 1ift this procedure worked reasonably well since the weather was foggy and cool.
However, during the placement of the second two lifts, the weather was clear, sunny and
hot. Accordingly, the hot weather and the 2-in. lifts made it virtually impossible to retain
the water in the soil thus limiting the success of the operation.

After roiling, density tests which are summarized in Appendix A-1 were performed us-
ing a Hidrodensometer provided by pacific Air Industries. The Unit's calibration curve
using the backscatter technique for wet density and water content were checked using the
Standard Sand Density Test of the State of California and high temperature (400°F) oven-
drying. Results of the check tests are presented in Appendix A and a comparison of nuclear

and conventional appeared to provide good correlation.
After the first lift of subgrade was compacted and density and water content were checked,

the second lift of material (8-in. loose thickness) was placed to reduce the possiblity of
drying of the compacted subgrade layer, On the following day the mixing, watering and
compacting processes were repeated. Density and water content were checked in this lift

after compaction using only the nuclear device. As before, the compacted material was

*Qriginally, it was planned to use a travel plant for incorporation of water into the supggrgde
goil; just prior to construction, however, this idea was rejected because of the possibility
of the soil in the wetter sections jamming the mixer. A preliminary compaction study
developed by the IIT but which was not available until after the test road was F:ompleted
provided some useful suggestions. For example, it was determined that adding water to
soil and mixing using a disc was not gatisfactory since water was not _uniformly mixed
into the soil and depth of mixing could not be controlled, In addition it was noted t_hat con-
sideration should be given to using a pulverizing mixer for mixing water into the lift (25).
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covered with the next loose layer. The operation of the second day was repeated on the
third day.

Upon completion of compaction of the third lift, the subgrade surface was trimmed to
proper elevation with a motor grader and the pneumatic-tired roller was used to roil the
surface tight. An attempt to obtain undisturbed samples of the subgrade was made at this
point. This sampling was not successful and resampling was accomplished after field
tests on the subgrade were completed.

To provide a barrier for reducing moisture loss, an asphalt emulsion was applied to the
subgrade surface at the rate of 0,25 gal, per sq. yd. * The subgrade was not watered prior
to the application of the emulsion and the dust provided a barrier which prevented the as-
phalt from being absorbed into the subgrade., In retrospect it probably would have been
better to cover the subgrade with sheets of plastic to obtain a more positive seal against

loss in water and to provide cleaner working conditions.

Placement of Aggregate Base. Aggregate base was placed from bottom dursp trucks

in slurry form and did not require the addition of water, It was dumped on the subgrade,
spread with a motor grader and compacted using a smooth, steel-wheeled roller. Density
control and uniformity checks were to have been made using the Hidrodensometer; however,
a licensed operator was not available at the time of construction, Thus, in-place densities
were obtained by means of two sand volume tests and the desired check on uniformity was
not completed,

Repeated plate load tests were started at the surface of the aggregate base at one end
of the road before the material was placed on the entire road in order to complete this

phase of the testing and place the first 1ift of asphalt concrete prior to the first seagonal

rain,

Placement of Asphalt Concrete, After completion of repeated plate load tests on the
base, the first 2, 4~in, lift of agphalt concrete was placed. Prior to paving, a prime coat
of asphalt emulsion was applied to the base course. Placement of the asphalt concrete was

accomplished using a Barber-Greene Paver. Standard State of Califorria practice was

followed with one exception. Because of availability, the same 11-wheel pneumatic-tired,
11,200 1b, rotler which was used to compact the subgrade was used in lieu of a 12-ton
(24,000 1b. ) roller required by California Standard Construction Specifications. This light

roller did not achieve the desired degree of compaction with the result that a pervious

*QOriginally, it was planned to use an asphalt canal lining material supplied by tl‘le Chevron
Research Company, Because necessary equipment was not -available to emulsify this
material for application a regular asphalt emulsion was utilized.
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surface was obtained; in addition, the first rain occured on the day following paving,

Repeated plate load tests were run on each of the six sections, Block samples of the
surfacing were removed from the pavement by a State Division of Highways sampling crew.
After a delay of about three weeks following testing of the first pavement surface caused
by unfavorable weather, the second and third lifts of asphalt concrete was placed. A fack
coat of asphalt emulsion was applied to the pavement surface prior to placing the second
lift., No tack was provided between the second and third lift. The paving operation was
similar to that previously described; however, a 12-ton pneumatic-tired roller was sub-
stituted for the pneumatic-tired roller used previously. After repeated load tests on the
top of the third lift, samples of the in-place asphalt concrete surfacing w re removed from
the pavement. Curing the sampling operating some indication of a poor bonding between the
intermediate and top courses of asphalt concrete was obtained.

Summary

v hile numerous problems occurred during the construction operations, the inability to
obtain the desired molding water contents in the subgrade was the only one of major conse-
quence. The combination of hot weather, the light pneumaiic-tired roller and an ineffective
moisture barrier eliminated the possibility of comparing the resilient characteristics for
material compacted at water contents wet of the line of optimums using the sheepsfoot-type

and pneumatic-tired rollers,

FIELD TEST PROGRAM

To extend the applicability of prior studies on prototype pavements (3,4) it was planned
to accomplish field testing of the roadway sections using repeated plate load tests on the
surface of the subgrade, base, and first and third lifts of asphalt concrete in the test road.
So that the approach might also be used to predict the response of full-scale pavements to
traffic loading, deflections under a loaded truck as measured by the Benkelman Beam were
planned at the surface of the first and third lifts of the asphalt concrete. In addition the

State of California planned to supplement these measurements using the Dynaflect.

Equipment and Procedures

Repeated Plate L.oad Tests. Repeated plate load tests to determine resilient response

of the various test sections were conducted using a modification of equipment developed in
an earlier investigation (4), the modification necessitated because of the larger load required
in this study. This equipment consisted of a pneumatic-hydraulic piston (shown schematical-
ly in Fig. 39) bolted to a reaction frame together with air surge tanks, a timer, and pres-
sure gauges mounted in 2 cabinet to facilitate field oper;ation. Reaction for the loads was
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obtained from the weight of beam and concrete blocks (each weighing approximately 3000
1bs.). Typical installations for tests at the surface of the subgrade and at the surface of
the asphalt concrete are shown in Figs, 40 and 41 respectively,

Load was applied through rigid stsel plates ranging from 8 in, to 30 in. diameter at a
frequency of 20 applications per minute and a duration of 0,25 sec, Load vs. time charac-
teristics of the piston were checked periodically using a load cell, the output of which was
recorded by means of a2 Sanborn Strip chart recorder. The magnitude of the load was con-
tinuously checked by means of a pressure gauge attached to the surge tank on the pressure
side of the piston (Fig. 39).

Resilient deflections were measured from a reference beam 20 ft in length and stiffened
laterally to prevent sway. (Figs. 40 and 41,)

Electricity for operation of the test equipment was generated in the field and regulated
to provide 115 volts at 60 + 1 cycles. Air required to operate the loading piston was ob~
tained from a compression regulated at 120 + 5 psi.

Repeated loads were applied to the surface of the subgrade, the untreated aggregate base,
the first 2, 4 in. 1ift of asphalt concrete and to the surface of the finished structure through
a series of 1-in, thick steel plates 30, 24, 18, 12, and 8 in, in diameter. V hen the larger
diameter plates were used, a rigid system was provided by using in combination all of the
smaller plates. Fig, 42 illustrates a plate test on the subgrade using an 18 in, diameter
plate,

The asphalt emulsion seal previously described was required in order to test the sections
at placement water contents since one day was needed to test each section making a minimum
total of six working days before the aggregate base could be placed. This test plan was
predicated on a 10 or 11 hour day which allowed 1-1/2 to 2 hours for moving the test equip-
ment and 8 to 9 hours for festing.

To provide a maximum number of plate sizes and pressures for the tests, testing was
torminated after 500 applications at each stress level for a particular plate size, This was
done after examining previous data from prototype pavements (3,4) and after carrying
several pressures to 1,000 applications in the first subgrade section tested. It appeared
that beyond 500 applications little change in resiliency would occur. In addition, since
construction did not start until the first of October a minimization of time spent testing was
deemed desirable in order to permit paving before the first rain of the season.

A 10'x 10' sheet of plastic was placed at the center of the location of the tests and the
plates were seated above this on a thin layer of hydrostone, The purpose of the hydrostone
was (1) to assure conformity with the subgrade, and (2} to provide a level surface for the
plate. Deformations were measured with three dial indicators located at 1/3 points around
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the circumference of the plate. The resilient deformation for the top of the course under
test was taken as the average of the three dial readings. For tests with the 30~in, diam-
eter plate on the subgrade, 0.0001-in, least reading dial indicators were used. In all
other tests 0, 001-in, dial indicators were used.

For tests at the surface of the two and three-layer systems, resilient deformation of the
base-subgrade interface at the center of the plate was also measured using a removable
unit, This unit consisted of a 1/4-in, diameter rod of the correct length with threaded ends
to which 1/2-in, diameter discs were attached both top and bottom, The rod was inserted
in a casing which was bushed on both ends to minimize friction and to prevent the entrance
of soil, At a particular test site, the cased rod was placed in a 9/16-in. diameter hole
which had been drilled by hand (star drill and hammer) through the overlying material to
the base-subgrade interface. Luring installation the bottom of the casing was positioned
approximately 3/8-in, above the lower disc and grouted into place using hydrostone to pre-
vent movement of the casing which in turn might result in movement of the rod. Movement
of the rod was measured by a dial indicator. Fig. 43 shows a schematic section of this
device,

Benkelman Beam Measurements, Measurement of resilient deflections between the dual
tires of a fruck with a 15,000-lb. axle load and a 70 psi tire-inflation pressure were per-
formed using a Benkelman Beam, Single cbservations at 20-ft intervals were made along
the length of the test road together with three observations at each plate load test location.
Such measurements were made at the surface of the first and third lifts of asphalt concrete

using the Canadian procedure for rebound deflections (26).

Dynafleet Measurements, Measurement of dynamic response at the surface of each of
the layers was made by the California Division of Highways using the Dynaflect (27). These
readings were taken at the locations of the Benkelman Beam measurements on the two sur-
faces of the asphalt concrete. Also, at the same locations, readings were taken on the

surfaces of the subgrade and aggregate base.

Test Results .
Results from the various field loading tests are presented in this section., For plate

load tests, results are presented for typical test sections graphically since all of the data
have essentially the same form. It should also be noted that the response of the pavement
structure to load prior to and after paving is, in all probability, different. Prior to pav-

ing the base and subgrade had a comparatively low degree of saturation which changed after
the placement of the first lift of asphalt concrete and resulted from the previous nature of
the surface and the heavy rain experienced immediately following construction of this course.
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Repeated Plate Load Tests, Four series of repeated plute lond tests were performed

on each of the six test sections, details of which are shown in Table 6,

Subgrade. The prepared subgrade was subjected to 500 applications of each applied
pressure for the plate sizes shown in Table 6. A measure of elastic response, termed

modulus of resilient deformation (or resilient modulus) was determined from:

1.18><aoxr

TR

where:

MR = modulus of resilient deformation, psi
a9, = pressure applied to plate, psi
r = radius of plate, in,

AR = average resilient deformation, in.

Fig. 44 illustrates the relation between modulus and plate pressure for each of the six test
sections. It should be noted that the form of the relationship is the same as that observed

in earlier tests on prototype pavements (3,4).

Two Layer-System. For tests at the surface of the aggregate base, measureraents
of resilient deformation were obtained at the top of the plate and at the base-subgrade inter-
face. A complete summary of data obtained at 500 stress applications is presented in
Appendix B. Fig, 45 illustrates the test results for Section 1 for plate diameters of 8, 12,
and 18 in. These results are also similar in form to those obtained earlier from tests on

prototype pavements.

Three-Layer System. As with the tests at the surface of the two-layer structures,
resilient deformations were measured at the surface of the plate and the base-subgrade
interface. No measurements were obtained at the asphalt concrete-aggregate base inter-
face since previous investigations (3) had indicated the resilient deformation in the asphalt
concrete to be very small. In section 4, for tests at the surface of the 2, 4 in. thick asphalt

conerete layer, no measurements were obtained at the subgrade-base interface due to

mechanical difficulties in the measuring device.
Fig, 46 presents the results of tests in section 5 at the surface of the 2.4 in. asphalt

concrete layer. Similarly Fig. 47 {llustrates the results for the same section for tests at
the surface of 7.2 in, of asphalt concrete. A summary of all tests results is included in

Appendix B,
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During the testing, temperatures were measured in the asphalt layer. A complete
summary of the temperature data is also included in Appendix B and typical plots of tem-
perature variation with thickness are shown in Fig. 48 for gection 5,

Earlier it had been noted that the degree of saturation of the pavement components
was lower during tests on the two layer systems than during tests on the three layer systems
because of rain following completion of the first asphalt concrete course, Evidence of this
difference was noted when drilling the holes for rods to measure the subgrade-base defor-
mation for the tests at the surface of the 2.4 in. asphalt concrete layer, in that a free water
surface was observed in the aggregate base in four of the test sections. It should also be
noted, however, that a free water surface was not observed in the base during the tests at
the surface of the 7.2 in, asphalt layer,

Benkelman Beam Measurements. Results of the Benkelman Beam measurements at each

of the test sites are shown in Table 7. In addition to deflection measurements at the re-
peated load test sites, deflections were alsc measured at 40 points over a 750 ft length
along a line 12 ft from the back of the east curb and parallel to the longitudinal axis of the
road. These results are summarized in Fig, 49.

Dynaflect Measurements, In Fig, 50 are summarized the results of the Dynaflect mea-

surements made at the same points as were the Benkelman Beam measurements. It will
be noted that the results presented in Fig. 50 have the same form as those presented in
Fig. 49,

LABCORATORY TEST PROGRAM

Specimens of the various materials used in the pavement cross section were tested in the
laboratory to determine their response to repeated loading which could in turn be used with
appropriate theory to predict the response of the pavement sections to load, Comparisons
between measured and predicted response (transient deflections in this investigation) should

thus indicate the validity of the approach.

Equipment and Procedures

Silty Clay Subgrade. Two types of equiproent were utilized to load both laboratory pre-
pared and undisturbed samples of the subgrade in repeated loading. The first type used
poth for specimens 1.4 in. in diameter by 3.5 in. high and 2. 8 in. in diameter by approxi-
mately 6 in. high is essentially that developed by Seed and Fead (28). The second type, a
modification to the first, was developed to apply small stresses corresponding to those
resulting in subgrades of well designed pavements (usually less than 3 psi for highway

loadings).
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This medified unit consists of a 3/8 in, diameter roiling diaphrag:n. mounted in a cylinder
clamped to the top of the triaxial cell containing the specimen., A small solenoid actuated
valve is incorporated in the plastic tubing through which regulated air flows. At an oper—-
ating pressure of 120 psi, a2 maximum load of about 6 pounds is applied to the specimen,
Typical setups are illustrated in Fig, 51.

Deformations were measured either by dial gauges or by means of linear variable trans-
formers (LVDT's). Fig. 51 illustrates both types of measuring devices and in the case of
the LVDT's illustrates the technique wherein small deformations were measured by clamp-
ing the device to the specimen,

Laboratory tests on the subgrade material consisted of {1) preliminary studies on labora-
tory prepared specimens for selection of a suitable subgrade material; (2) tests on undis-
turbed samples of the test road subgrade; and (3) a correlation study to attempt to produce
field conditions by means of laboratory compaction,

Both the preliminary and correlation studies were conducted on 1, 4 in, diameter by 3,5
in. high specimens prepared using a modified version of the Harvard minature kneading
compactor,

Undisturbed specimens were 2. 8 in, in diameter by approximately 6 in, high, Essential-
ly two conditions were obtained in the undisturbed sample. For those taken soon after the
plate tests on the subgrade, the degree of saturation was comparatively low; whereas for
those taken approximately six months following the tests at the surface of the completed
pavement, the degree of saturation was comparatively high. For the comparatively dry
specimens, trimming of the ends to make them plane resulted in irregularities. Accord-
ingly, each of these specimens was mounted on its cap and base in hydrostone.

To prevent changes in water content during testing each specimen was surrounded by a
rubber member which in turn was sealed to the cap and base by a neoprene o-ring,

The trimmed specimens were subjected to 70, 000 repetitions of deviator stress rang-
ing from 1.0 to 10 psi in unconfined compression at a frequency of 20 applications per

minute and with a duration of loading of 0, 25 sec,

Untreated Aggregate Base, For tests on aggregate base the repeated loading unit mount-
ed on a single bay loading frame shown in Fig. 52 was used. The cell shown in this figure
is capable of testing specimens up to 6~in, in diameter and 13, 5-in. high. Actually two
different cells were used for tests on the aggregate base, one capable of testing specimens

3. 9-in. diameter by 7. 8-in. high and the other for 6-in. diameter specimens.

Initially, tests on aggregate base were conducted using both 6-in. diameter and 3, 9~-in,
diameter specimens. Material grading used for preparation of the 6-in, diameter specimens
was an average of the grading analyses of samples from the test site. The grading for the




26

3. 9-in, diameter specimens was moadified to eliminate all material greater than 3/4-in.
while maintaining the same percentages of the minus No, 4 as in the 6-in, diameter speci-
mens, These grading curves have already been presented in Fig. 38.

The sample preparation method using a V-55 Syntron Electric Vibrator described by
Seed, et. al (3) was used to compact 3.9-in. samples, This procedure was modified for
6~in. diameter specimens by using a 15-1b. surcharge weight and compacting in three
equal layers with one minute of vibration per layer. Specimens of 3. 9-in. diameter were
prepared to a density of 142, 1 pcf which corresponds to the density of 146, 8 pcf used for
the 6~in, diameter specimens. ¥

Two methods were used to prepare partially saturated 3. 9-in. diameter specimens.
Initially dry material was compacted to the desired density; following compaction de-aired
water was introduced under a smail head through a tube in the base and allowed to per-
meate through the specimen, After approximately one hour, when water reached the top
of the sample, the cap was set into place and testing proceeded. An improved technique
developed during the investigation was to mix water (e.g. , 7 percent} with the material
before placing it in the mold and then to proceed as with the dry material.

Repeated load tests were conducted on the dry and partially saturated specimens at con-
fining pressures ranging from 1, 0 psi to 40 psi and at total vertical stresses ranging from
6. 0 psi to 60 psi. Principal stress ratios varied from 1.5 to 6, 0. Frequency of stress
application was 20 per minute at a duration of 0. 25 seconds,

Asphalt Concrete, Laboratory tests on specimens of asphalt concrete surfacing were
conducted at two temperatures to define the relationship between modulus and temperature

using equipment developed by Deacon (29).

A water-cooled diamond saw was used to trim flexural beam s pecimens 1,5 x 1, 5~in.
cross section and 15-in, in length from blocks of asphalt concreie obtained from the sur-
face course., These specimens were subjected to repeated flexure with a load duration of
0. 1 second and a frequency of 100 applications per minute. Flexural stiffnesses were
determined for each beam at a variety of stresses by measuring the dynamic deflection at
the center of the beam under each stress after 200 applications, These tests were con-
ducted at 41°F and 68°F, since these temperatures represented the limits of those obtained
in the actual pavement during the field repeated load plate tests,

*These dry densities correspond to 2 value which is approximately 96 percent of the maxi-
mum dry density as deferm ined by the State of California Test Method No, Calif. 216-F
for materials passing the 3/4-in. sieve. This was the average density of the aggregate

base as determined from field density tests.
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Test Results

Silty-Clay Subgrade Soil. Prior to construction, three materials were investigated in
the laboratory to determine their suitability for use in the test road. Results of repeated
load tests on the material finally used are shown in Figs. 53 and 54.

Fig, 53 illystrates the variation in resilient strain with water content and dry density at

a repeated deviator stress of 5 psi and & confining pressure of 2 psi, In this figure it will
be noted that the material exhibits a four-fold increase in resilient strain for a change in
water content from 14 to 22 percent (the range planned for the test sections) at a relative
density of 90 percent based onthe California Impact Compaction Test. It was thus expected
that under field conditions this variation should provide readily observable differences in
resilience characteristics between the test sections.

In Fig. 54 is shown the influence of molding water content on the modulus of resilient
deformation, this modulus being determined from
i
€

R

MR =

modulus of resilient deformation, psi

=

applied deviator stress, psi

€ = regilient axial strain, in. per in.

1t would appear from the data presented in Fig, 54 that the modulus of this material is little
affected by density for the range considered in this investigation,

Results of repeated load tests on 2. 8 in, diameter undisturbed specimens of the subgrade
gsampled immediately after completion of the plate load tests are shown in Fig. 55 for section 2.
Also shown in this figure are modulus values determined from plate load tests. It should
be noted that the abscissa have not been corrected using the relationship suggested by Seed
et al (8) to compare field and laboratory test results. Even without this correction, con-
siderable discrepancy in modulus exists between the two methods, From an examination
of both density and water content data for these samples {Fig. 56, Appendix A) and a com-
parison with data obtained at the time of construction (Appendix A) it must be concluded
that the subgrade had dried somewhat prior to sampling and also that the sampling operation
itself resulted in densification of the yndisturbed” samples. Accordingly, the data for the

first undisturbed sampling have not been used in the analysis,
Because of this discrepancy, additional undisturbed samples were taken after the com-

pletion of the plate load tests at the surface in sections 1 and 4. These samples should be
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more representative of the conditions existing at the time of the plate load tests on the sur-
face of the asphalt concrete. Pesults of laboratory repeated load tests on these samples
are presented in Fig, 57. Also shown in the figure are the corresponding dry densities
and water contents. By comparing the dry densities with those presented in Appendix A

it will be noted that values are in better agreement than are those for the first sampling.

In addition 100 percent sample recovery was obtained in each of the tubes, thus substanti-
ating this hypothesis, It is interesting to compare these results with those in Fig, 54 for
the laboratory prepared samples in the preliminary studies. For the same deviator stress
and water content, approximately the same modulus values were obtained in both instances.

Untreated Agoregate Base, In Fig. 58 is presented a relationship between resilient

modulus and confining pressure for the untreated aggregate base in a dry condition. The
form of this relationship is the same as that obtained for granular materials in other in-
vestigations (3,5). In this instance the resilient modulus is that based on a deformation

determined at 500 stress applications and the resulting relationship between modulus and

confining pressure is:

0,495
= ‘ P 2
MR 13,500 x 03 [ A AR I B A A R ( )

It will also be noted that the data obtained from tests on the 4 in. diameter specimens

correspond to the data obtained for the 6 in, diameter specimens. Thus it would appear
that the resilient modulus was not affected by the replacement of 1-1/2 in, to 3/4 in. mate~
rial by aggregate in the 3/4 in. to No, 4 range. In terms of laboratory operations this
should prove to be a considerable advantage,

Results of tests for the partially saturated specimens (4 in. diameter) are algo shown in
Fig. 58. It will be noted, however, that while the data exhibit the same slope, at a par-
ticular confining pressure, the modulus of the material is less in a partially saturated con-

dition than when dry. The equation of this line is:

0. 495 . (3

MR=9300X03 DOQCUGlOCIDIOI
Fig, 59 contains the same data plotted in terms of the sum of the principal stresses

(i.e., inthis case oy + 20'3). The equations for this relationship for the partially saturated

material is:

MR:283560‘587 M I R I S I I O S L A (4)

where;
o = sum of principal stresses (o0y * 20,4)
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Asphalt Concrete, Beams sawed from the paverient were tested in repeated flexure

over a range in stresses selected to correspond to those estimated to occur in the pavement
during the field load fests. At 68°F, the stresses ranged from 45 to 90 psi while at 41°F
they ranged from 150 to 250 psi. For the range of stresses at both teroperatures the stiff-
ness (analogous to a2 modulus (4)) was determined to be gengibly independent of stress level.
Accordingly, average stiffness at a time of loading of 0.1 sec. vs. temperature data are
presented in Fig, 60.

To determine stiffnesses corresponding to the time of loading used in the field plate tests,
0.25 sec., use was made of the technique developed by Heukelom and Klomp (30). Table 8
presents a summary of the resulting computations.

Essentially the modified flexural stiffness values at 0, 25 see, loading time were deter-
mined from:

Mod, flexural stiffness (0.25 sec.) =

Computed stiffness (0. 25 sec. )
M ured
easured flexural stiffness (0, 1 sec.) X Computed stifiness (0. 1 860.)

The modified stiffness vs, temperature relationship is shown in Fig. 61. In comparing
these results with those in Fig. 60 approximately a 30-40 percent reduction in stiffness
occurred for a change in loading time from 0. 1 to 0,25 sec. V hile this change should not
have a significant influence on computed deflections and stresses, the modified values were

used in the analyses fo be presented subsequently.

ANALYSIS OF PAVEMENT SECTIONS

This section will present the results of analyses to predict the response of the various
test sections to load using laboratory and field measured properties and appropriate theory;
as noted earlier the pavement response «hich has been chosen indeflection. Analyses will
be presented both for sections consisting of untreated aggregate base and subgrade (two-
layer systems) and asphalt concrete, untreated base, and subgrade (three-layer systems).
Thus the test road provides an excellent opportunity, as noted earlier, to assess the valid-
ity of previously developed techniques for predicting pavement response for a roadway con-

structed with conventional methods and control.

Two-Layer Systems

To analyze the two-layer sections congisting of subgrade and aggregate base, the method
developed by Seed et al (3) was utilized. In this method lateral and vertical stresses are
computed by assuming a Boussinesq stress distribution. Approximate values for deflections

in the two-layer structure may then be calculated using this siress distribution together
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with modifications suggested by Vesic (31) to provide for the variability in deformation
characteristics of the granular material, Cnly a very brief ouiline of the procedure will

be provided and no sample calculations are included. Details of the procedure may be found
in Reference (3).

In this analysis the modulus of resilient deformation of the base-~course under the loaded
plate is assumed constant along a horizontal plane, Variation of modulus in the vertical
direction is approximated by subdividing the base-course into a number of horizontal layers
and computing a modulus for each layer. Such variation in modulus results since the
modulus of the granular material is dependent on stress and the stress varies with depth.

Procedure, For the analysis and prediction of deflections for the repeated plate load
tests the following procedure has been followed:
1. The base course and subgrade were divided into several horizontal layers to a depth
(from the surface of the base) four times the radius of the plate.

9. At a depth corresponding to the center of each horizontal layer .in the base, the horizontal
normal stresses resulting from the applied load were computed using the solution for
stresses presented by Ahlvin and Uhlery (32). At the same points, lateral pressures re-
sulting from the weight of the material above were also determined using a coefficient of
earth pressure at rest, Ko, equal to 0.5. These stresses were computed along a verti-
cal line offset a radial distance from the centerline 0,7 times the plate radius for

Poisson's ratios of 0, 35 and 0. 50.

3. Stresses computed in the previous step for each horizontal element were added together

t o obtain the confining pressure (0'3) on the element.
4, Corresponding to a particular value of og the modulus was then obtained from the rela~
. . _ n
tionship MR = Kx Tg «
5. The vertical stresses induced in the subgrade by the applied load were computed at the

midpoint of each horizontal element under the center of the plate. These vertical stresses

are assumed to be the principal stress differences or deviator stresses applied to the
subgrade.

6. Using these stresses, the moduli of the various layers of the subgrade were then esti~
mated from the modulus vs, applied stress relationships obtained in the field plate load
tests (Fig. 44). I should be noted that the laboratory test results (e.g., Fig. 54) could

bhe used for this determination,

7. The regilient deformation of each horizontal layer in the subgrade was then computed us-
ing the deflection factors presented by Ahlvin and Uhlery (32) and the appropriate modulus
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previously determined. It should be emphasized tha this deflection was determined
along the vertical axis through the center of the plate.

8. By summing the defiections in each of the layers, the resilient deflections of the base,
the subgrade, and the two-layer system were estimated.

Resilient Deformation of the Base, Using this analysis, resilient deflections were deter~

mined for the base-course corresponding to the three plate sizes and three pressures for
each plate, As previously noted, data were not available relative to possible material differ-
ences (L e. , aggregate grading, water content, and dry density) at each plate load test loca-
tion; accordingly, variations in resilient deformation of the base will be regarded as experi-
mental scatter without further speculation. The laboratory data presented in Fig. 58 were
used to represent the modulus vs, confining pressure relationships for the base in the dry
and partially saturated conditions. Utilizing the relationship for partially saturated speci-
mens (i, e., MR = 9300 x 0‘30'495) deformations for the aggregate base-course correspond-
ing to various plate sizes and pressures were computed for Poisson's ratios of 0. 35 and
0.50. Results of these computations are plotted on Fig. 62 for the three plate sizes. The
same caleulations were also made utilizing the modulus relationship for dry aggregate base
(M = 13,500 x 630' 495
for the 12 in. diameter plate with a Poisson's ratio of G, 5. Also shown in this figure are

) for all plate sizes with a Poisson's ratio of 0, 35 and additionally

the vesilient deformations of the aggregate base obtained from field plate load tests for the
500th stress application. These measured values for the resilient deformation of the base
were obtained by subtracting the total resilient deformation from the resilient deformation
of the base-subgrade interface.

In examining Fig, 62 it appears that the majority of the field data are encompassed by

the computed data based on modular values obtained for the pariially saturated condition.

Resilient Deformation of the Subgrade, Resilient deformations at the top of the subgrade
were computed for the 12-in. diameter plate for three sections; section 3 was selected to
represent a condition of low resilient modulus, seciion 1 an intermediate resilient modulus,
and section 5 a high resilient modulus. values for resilient modulus used in analysis were
obtained from field plate load tests at the surface of the subgrade, Fig. 44. Results of
these computations are shown in Fig. 6352 Poisson's ratio of 0. 5 was agsumed for the sub-

grade. Also shown in the figure are the measured results, In general reasonable agree-

ment between computed and measured values was obtained.

Total Resilient Deformation., Tofal resilient deformations were calculated for sections
1, 3, and 5. In Fig. 65 the measured resilient deformations are compared to the computed
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deformations which were obtained by adding the subgrade deformations shown in Fig. 64
to those for the base (obtained for partially saturated conditions and a Poisson's ratio of
0.35. Reasonable agreement is noted between measured and computed values.

Summary. While the two-layer system which has been analyzed in this section may not
represent a realistic pavement structure for a heavy duty highway, the reasonable agree-
ment between computed and measured deformations lends credence to the method developed
by Seed et al (3). The fact that deformations for an actual structure constructed using
standard procedures could reasonably be estimated from the results of laboratory tests and
available theory appears to the authors, at least, a forward step in the improved design
and analysis of pavement structures.

Three-Layer Systems

Analyses of the three-layer structures consisting of subgrade, untreated aggregate base,
and asphalt concrete surface were accomplished using two procedures. The majority of
the analyses made use of an adaptation of the finite element technique (33,34); a few loading
conditions were also analyzed using multilayer elastic theory (9).

Finite Element Method. An adaptation of the finite element procedure developed by
Duncan et al (35) for pavement structures was used herein

For analysis by the finite element technique, the body to be analyzed, such as the
cylinder shown in Fig. 65, is divided into a set of elements connected at their joints or nodal

points, On the basis of an assumed variation of displacements within elements (i. e. , linear,
parabolic) together with the stress-strain characteristics of the element material, the
stiffness of each nodal point of each element is computed. For each nodal point in the sys-
tem, two equilibrium equations may be written expressing the nodal point forces in terms
of the nodal point displacements and stiffnesses. These equations are then solved for the
unknown displacements, ¥ ith the displacements of all nodal points known, strains and
stresses within each element are then computed. Detailed descriptions of the method and
its application to a wide variety of problems are contained in a number of recent publica-
tions (e.g. 33,34). Analysis of realistic systems commonly requires formulation and solu-
tion of several hundred simultaneous equations, For this reason the technique is only
practicable when formulated for high-speed digital computers.

The digital computer program used for the present study is described in reference (34).
Modifications have been made to this program to automatically generate suitable finite
element configurations for analysis of axisymmetric pavement structures and to accommo=
date types of modulus dependency on stress which would appear appropriate to represent
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the behavior of granular base and cohesive subgrade materials under conditions correspond-
ing to moving traffic (e.g., Fig. 57 and 58).

For analysis with this computer program, the structure to be analyzed is divided into a
geries of quadrilaterals. Each quadrilateral is subsequently divided into four triangles by
the computer program as shown in Fig, 65. Displacements are assumed to vary linearly
within each triangle; this assumption insures that no gaps will develop in the deformed
structure and that displacements will be compatible throughout the structure as well as at
the nodal points,

Besides the finite element configuration to be used, additional items of input consist of
specifying loads or displacements for each nodal point and material properties (elastie
modulus and Poisson's ratio) for each element. In the nonlinear analyses, an initial gravity
stress (corresponding to no applied load on the pavement} was calculated for each element,
requiring that the density of each material be specified as well, The computer output con-
gists of radial and axial displacements at each of the nodal points exterior to the quadri-
lateral elements, and the complete state of stress at the centroid of each quadrilateral.
Quadrilateral stresses are computed as the average of the stresses in the four triangles
into which they are divided by the program.

The plate loading tests at the surfaces of the various test sections would appear to lend
themselves to analysis by this procedure. Accordingly configurations such as that illus-
trated in Fig. 66 were utilized for plate tests at the pavement surface for Sections 1 and 4.

In the analysis, modulus of resilient deformation of the subgrade was idealized as a

bilinear material by means of expressions of the form

M, = Ky + Ky (K - (o - o)l K, > (o3 - 03)
7 I )
M, = K, + Ky Loy - ag) - K4l K, < (o - 05)

The relationship of the consiants Kl’Kz' K3, and K4 to the measured properties is illus-
trated in Fig. 67 and is & simplified representation of the data shown in Fig. 57. Modulus
of resilient deformation of the base-course was represented by equation (3) for partially
saturated base illustrated in Fig. 58, For the range of stresses investigated, the stiffness
of the asphalt concrete appeared to be independent of stress level; data illustrated in Fig,
61 were thus used to represent the time and temperature dependent response of the asphalt

concrete,
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Briefly the procedure that has been utilized may be outlined as follows:
1. Idealization - The pavement section is divided into a system of rectangular finite
elements (e.g., Fig, 66).

2. Element analysis - Stiffness matrices which relate element nodal point forces and

displacements of the elements are evaluated (load and stiffness values used in the

first approximation are based on linear material properties).

3. Assembly of elements - The nodal stiffness matrix for the entire structure is formed

by superimposing the appropriate individual element stiffnesses.

4. Displacement analysis -~ Nodal displacements which resull from the applied nodal

forces are determined by solving nodal equilibrium equations expressed in terms of
the structural stiffness matrix,

5, Stress analysis - Element stiffness matrices are used to compute the element stresses
which result from nodal displacements computed in step 4.

6. Successive approximations - Steps 2 through 5 are repeated using elemental moduli
based on stresses computed in step 5 since the moduli are dependent on stresses.
This procedure is repeated until compatibility between stresses and moduli are ob-

tained.

As noted earlier the analysis has been programmed for solution on the digital computer
(35) and a simplified flow diagram of the process is illustrated in Fig. 68.

Results of a series analyses by this procedure are presented in Figs. 69 through 72.
Table 9 provides a summary of the configurations used in the analyses and Table 10 indi-
cates the results of the iterative procedure for analyses performed for the tests on sec-
tion 1,

In most instances the computed deflections are somewhat larger than the measured de-
flections although the agreement is reasonable considering some of the problems associated
with obtaining proper material characteristics, For example it is interesting to note that
the computed subgrade deflections are higher than those actually measured, This difference
could be due in part to the use of a single relationship between deviation stress and modulus
(e.g. , Fig. 57) for each of the two sections, namely 1 and 4. It is possible that the entire
subgrade had not increased in water content to the extent indicated by the data in Fig. 57 at

the time of the plate load tests. If this were the case then the computed subgrade deflec~

tions would be larger than those measured (e. g. , comparison of the moduli data in Figs.

57 and 55). Some indication of this influence will be presented in the next section.
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Multilayer Elastic System Analysis. A few of the loading conditions were also analyzed

using the computer solution for a multilayer elastic system developed by the Chevron Re-
search Company (36). This particular program has been modified to incorporate an iterative
procedure taking into account the nonlinear response observed for untreated aggregate

bases and cohesive subgrade soils (§) such as that illustrated in Figs. 57 and 59.

For the first solution an analysis of the 12-in, diameter plate load test at the surface of
the 7.2 in. asphalt concrete layer corresponding to a pressure of 80 psi was made in sec-
tion 4. The configuration used in the analysis as well as the moduli resulting from the iter-
ation process are shown in Fig, 73. Moduli for the untreated aggregate base were obtained
from the data presented in Fig. 59 while the subgrade response corresponded to that shown
in Fig. 57. Stiffness of the asphalt concrete was obtained from the data presented in Fig. 61.
The resulting computed deflections were :

Compuied Deflection-in, Measured Deflection-in,

Surface Subgrade Base _ Surface Subgrade  Base
0,045 0, 038 0, 007 0, 017 0,011 0. 006

While the computed base deflection is quite comparable, it will be noted that the computed
total deflection is considerably larger. It would thus appear that the modulus used for the
subgrade was too low and could be in part due to the fact that only the upper portion may have
increased in water content to the values shown in Fig. 57.

fccordingly, additional analyses were performed by considering the pavement as a four-
layer system using a single modulus for the untreated base and subdividing the subgrade
into two layers, the upper layer of which was 12 in, thick. Data for {he lower portion of the
subgrade were obtained from the plate load tests performed directly on the surface of the
subgrade (Fig. 44) and which were substantially larger than those shown in Fig, 57. The
resulting computations are shown in Table 11, In this table it will be noted that as the lower
portion of the subgrade is stiffer the deflection is reduced. Moreover, considering that the
deflection under a rigid plate may be somewhat less than that determined under a flexible
plate (for which the computations were made), the resulting data shown in Table 11 appear

quite reasonable.

These results, like those for the finite element procedure, indicate that suitable theory
does have the potential to predict deflections reasonably well but emphasizes that proper
material characteristics must be utilized in order that meaningful results be obtained.
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SUMMARY ANC CONCLUSIONS

The Via de Mercados test road was developed to provide information in two areas,

namely;

1,

2-

To determine the influence of field compaction methods (or equipment) together with com-
paction conditions (in this case water content at a specific dry density) on the resilience
characteristics of a fine-grained subgrade soil and the effect, in turn, of these charac-
teristics on the surface deflection of an asphalt concrete pavement structure,

To verify procedures previously developed and checked on prototype pavemenis for pre-

diction of pavement response to load utilizing laboratory tests and appropriate theory.

Because of the difficulties encountered during the actual construction of the test road, it

was not possible to develop satisfactory data to provide information to satisfy the first ob-

jective. From the material presented, however, it would appear that the second objective

has been met. Accordingly, a majority of the conclusions obtained from the results of the

investigation are directed to this latter aspect.

As a result of the investigations, the following conclusions appear warranted:

It is possible to study the resilient characteristics of compacted soils and their influence
on the resilient response to load of pavement sections by means of a test road, More-
over, since liftle data are available on the properties of field compacted soils and the
influence of compaction equipment on these properties, such studies are extremely de-
sirable, From the experience obtained in the construction of this test road, however,
more detailed construction planning ond allowance for variations in weather conditions
must be considered than that exercised in the investigation in order to obtain the desired
results., This suggests that it might be desirable to develop the same type of investiga-

tion which was reported herein on a smaller scale initially within a controlled environ-
ment.

A number of agencies, each with certain capabilities and interests, can work together to
examine jointly many of the pressing problems concerned with the design and construc-
tion of pavements.

The results of field plate load tests on the various components of the test road exhibit
characteristics similar to those obtained from the results of tests on prototype pave-

ments, €.g.:
a, The resilient modulus of fine-grained soils is dependent on applied stress, in-

creasing in value in the low stress range.
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b. The modulus of granular materials is dependent on stress, the stress dependence
of which results in a nonlinear response of pavements to load at least in the low

stress range,

The results of repeated load test on dry granular material containing 1-1/2 in, maximum
size aggregate can be duplicated reasonably well by replacing material in the 1-1/2 in,
by 3/4 in. by No, 4 size range. This finding would appear o be significant in that the
work involved in testing base course materials can be reduced somewhat since speci-
mens 4 in. in diameter by 8 in. high rather than 6 in, in diameter by 12 in, high can be

used to measure resilient response.

The resilient response of granular materials in drained repeated load tests is affected
by the water content at the time of testing. An indication of this iniluence may be ob-
tained from a comparison of the results of the modulus vs. deviation stress relation-
ships obtained for the dry condition and for the material at a water content of 7 percent;

0. 495

Dry; MR = 13,500 X Oq

Partially saturated: M = 9300 X o_30. 495

n effect, approximately a 30 percent reduction in modulus was obtained.

Within the limits of variability that can result from normal construction procedures, it
would appear that the results of laboratory tests and appropriate theory can be success~
fully used to predict the response of an actual pavement structure to load. However, it
must be emphasized that for such techniques to be successful laboratory determined

characteristics must reflect those existing in-situ,
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TABLE 1 — COMPACTION REQUIREMENTS FOR HIGHWAY AND AIRFIELD
PAVEMENTS BASED ON SPECIFIC LOADING CONDITIONS**

43

Compac- Cohesionless Soils* L Cohesive Soils
- gied | Compac- Thickness, in. Compac- Thickness, in.
9 tion . tion
Index | 18.000-1b. Axie |DC-8 | Index [ 18,000-1b, Axle | LC-8
105 42 - 9 - - -—
100 9 10 32 19 6 17
95 3.5 by 61 8, 6 10 33
90 1,8 27 92 5.0 14 49
85 - - - 3.2 18 63
80 - . — 2.4 22 79
* PI=0,

*xAfter Corps of Engineers(14)

TABLE 2 — APPROXIMATE RELATIONSHIP BETV EEN TOTAL
EXPANSION AND PLASTICITY INDEX

Swelling Potential

Total: Expansion
%

Plasticity Index %
10 0.4- 1.5 4,5 - 10,0
20 2.2~ 3.8 13,5 - 18,7
30 5.7 - 12,2 21,4 - 28,0
40 11.8 - 25.0 28.0 - 35,0
50 20,1 - 42.6 33,0 - 40,0

(After Seed et al (15))
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TABLE 4 — TEST RESULTS FOR SILTY CLAY SUBGRALE SOIL

Specific Gravity 2.7

Atierberg Limits:
Liguid Limit 32.5 percent
Plastic Lirait 17.2 percent
Plasiicity Index 15,4

Design "R" value* 8

*State of California Test Method No, 301

TABLE 5 — TESTS RESULTS FOR UNTREATED AGGREGATE BASE

Speciiic Gravity:
Retained in 3/4 in, sieve 2,81
Passing 3/4 in, sieve 2.78
Sand Eguivalent* 44
Maximum Dry Density™** 148, 7 lb, per cu. ft.
Optimum Water Content** 8 percent

* R value requirement waived for class 2 aggregate with a sand
equivalent greater than 35.

**Based on State of California Test Method 216-F for material
passing 3/4 in. sieve.
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TABLE 6 — SUMMARY OF PLATE SIZES AND PRESSURES
FOR REPEATED PLATE LOAD TESTS

Test Series Plate t_iiameter Plate pressure
n, -psi
Subgrade 30 0.5, L5, 3.0
24 2.5, 4.0, 7.0
18 5.5, 8.0, 10
Two-Layer System 18 5.0, 10, 20
{Aggregate base
and subgrade) 12 10, 25, 40
8 10, 25, 40
Three-Layer System* 12 20, 40, 60, 80
(Asphalt concrete
aggregate base, and 8 25, 50, 75, 100
subgrade) .

*Two test series, one at the surface of 2,4 in, of asphalt con-
crete (first 1ift) and one at the surface of 7.2 in, of asphalt
concrete,

TABLE 7 — BENKELMAN BEAM REBOUNL MEASUREMENTS*
AT REPEATEL PLATE LOAD TEST SITES

R Rebound Reading** - in,
Section No. ATsurlaceof 2.4 n, | AL surface of 7.2 m.
asphalt concrete asphalt concrete
1 0.066 0,024
2 0. 027 0,015
3 0. 034 0,021
4 0. 029 0, 020
5 0, 025 0,023
6 0. 030 0.019
Average Air
Temperature, 65 45
oF

* 15,000 1b, axle load, 70 psi tire pressure,
**CGRA rebound procedure.
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TABLE 9 — SUMMARY FINITE ELEMENT CONFIGURATION
FOR ALL PAVEMENT SECTIONS

. . Flate Radius
Thickness of Pavengent Section Plate Thickness of No. No.
Te s:.t (for analysis) Diameter (for Configu- Nodal | Ele-
Section in, in analysis) ration Points | ments
Total | A.C. | Base |Subgrade in,
1 198,4 2.4 11 183 8 2 48 180 153
298,2 7.2 11 280 12 2 70 239 208
4 200,2 2,4 11 182 8 2 48 202 173

298.2 7.2 11 278 12 2 70 239 208




TABLE 10 — RESULTS OF COMPUTATIONS FOR TEST SECTION 1

Computed Resilient Deformations

Iteration Center & Top Top of Top of
No, of Plate~in, Base-in, Subgrade-in,

8" Plate 100 psi 2,4" A, C,

"1 0.0341 0. 0341 0. 0259

2 0, 0601 0. 0592 0. 0395

3 0, 0425 0. 0415 0. 0298

4 0, 0523 0, 0516 0, 0351

5 0, 0453 0, 0443 0. 0313

6 0, 0449 0. 0442 0. 0320
12" plate 80 psi 2.4" A.C.

"1 0. 0559 0. 0655 0. 0475

2 0, 1008 0, 0996 0.0778

3 0. 0813 0. 0802 0, 6665

4 0. 0878 0. 0869 0. 0692

5 0. 0850 0. 0838 0, 0700
8" Plate 100 psi 7.2" A, C.

"1 0. 0125 0.0121 0. 0102

2 0. 0129 0. 0126 0, 0102

3 0. 0126 0, 0123 0, 01C2

4 0, 0128 0, 0124 0, 0103

5 0. 0127 0, 0123 0, 0103

6 0. 0127 0, 0124 0. 0103
12" pPlate 80 psi 7.2" A.C.

"1 0. 0222 0, 0219 0. 0188

2 0. 0240 0, 0237 0,0193

3 0, 0226 0. 0223 0, 0189

4 0. 0240 0, 0236 0. 0195

5 0, 0227 0, 0223 0, 0189

8 0.0239 0. 0236 0, 0196

49
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TABLE 11 — COMPUTED DEFLECTIONS FCR SECTION 4 CORRESPONDING
TO 12 DIAMETER PLATE, 80 PSI PRESSURE FOR
7.2 IN. ASPHALT CONCRETE THICKNESS

Component Modulus Computed Ceflection - in.
psl Surface | Subgrade |  Dase

Asphalt concrete 420,000

Base 7,000 0. 034 0, 027 0, 007
Subgrade® 1 2,700

Subgrade 2 5,000

Asphalt concrete 420,000

Base 7,000 0,026 0,019 0. 607
Subgrade(a) 1 2,700

Subgrade 2 10,000

Asphalt Concrete 420,000

Base 7,000 0. 022 0. 015 0. 007

Subgrade® 1 2,700

Subgrade 2 20,000

(2) Thickness of upper layer of subgrade assumed to be 12 in,
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degree of saturation. (After Seedet al (31)).




Dry Density - Ibpercu ft

120

\
/l
/
/
/
115 Vi
/
//
/
Y
A’
F /_'e/d Roller
110 / Line of Optimums
/
\
Laboratory Impactw—>
Line of Optimums \
7~ //'
Ve
rd
105 z d
//
V4
I'd
V4
P4
¢’
100
Laboratory Import Field Pneumatic Roller
e A<AASHO T-/180 © /50psi Tire inflation pressure
a B=Intermadiate AASHO o 90psi " " “
B C-AASHO T-99 & S50psi " “ “
L |
Figure by point indicates number of coverages
Material p/acaalf in6in campacrfd lifts
95
& 10 4 /8 22 26

Water Content — percent

TFig. 2t|1 — Relationship between line of optimums for laboratory impact com-
paction and field pneumatic-tired roller compaction for a silty clay and the
relationship beiween constant compactive effort curves for the same conditions.

(Ref. 46)




Dry Density - b percu ft

Dry Density —ib percuff

Dry Density - jbpercu ff

125

HEAVY CLAY
~
n,
/5 N
<
N w
. . ™ %%'
Line of Optimums \\
Laboratory fmpact/'\ Mo
~
105
Line of Optimums
{a} Fr
/e
95 l 1eld Roller
0 5 20 25 30
Water Content— percent
135
SANDY CLAY
125
s
Line of Opf.r'mujs \
Laborotory Impacrf'ﬁi
) |
105
0 15 20 25 30
Water Content - percent
‘ ) WELL GRADED SAND
Line of Opfimums
Field ﬁ’i:://&'.l'\‘i S
130 } YO
Line of Optimums 3
Laboratory Impac!,
{c)
120
0 5 10 /5 20

Woter Content-percent

Note: All field compaction values are for 32 roller passes.
Loose lifts of 12-in. for all rollers except 36 psi

rolier which was 9-in.

Dry densities determined on

upper 6-in. of compacted lift. Figures by roller op-
timum points are tire inflation pressures.

Fig. 25 — Comparison of laboratory line of optimum and field

line of optimum for three soils. (Ref. 18.)




Dry Density - 1b percu Ft

120

115

/110

/105

100

L aborotory Impact

Q 4=445H0 T-/80

O B=AASHO Intermediats”
O C=4ASHO T-99

Freld Sheepsfoor Roller

A Line of Optimums

2

Field Roller.
Line of Optimums

/ \\ O 7sgq in fool *
// O\ O /4sqin foot % .
// AN A 2lsqin foot »
/ \\ \\ * Contact unit preéssure =2501b/sq in
/ v
", \ \
7 X Y
/ \ \
/' Laboratory Impacm._fr\\ \\

/
c/
Figures by points indicate
number of roller passes.
Fill in 6 in compacted [ifts
10 14 /8 22

Water Content — percent

Fig. 26 — Relationship between line of optimums for laboratory impact com-
paction and field sheepsfoot compaction for a silty clay and the relationship
between constant compactive effort curves for the same conditions. (Ref. 19.)




Dry Denstly - 1bpercu ft

140

130

120

100

g0

Grave/-Sand-Clay

}

\
\

\
\
1
\
\

G268

Silty Clay
G,=2.70

—3—Laboratory, impact
Line of optimums

Full compaction ( for 64 passes)

Heavy Clay A\
6532.69 N

\
\

1

© Bya clubfoot roller

Foot area = 12 sgin.

Contoct pressure | = /15 psi

Lift thickness = 9in

loose

0

20

Water Content— percent

Fig. 27 — Comparisons of sheepsfoot
andwater contents with laboratory impac
for four different soils.

(Ref. 20.)

30

~type roller maximum dry density
t compactionline of optimums




CORRECTED CBR IN PERCENT

SOAKED

UNSOAKED

DRY DENSITY IN POUNDS PER CU.FT

50

40

30

20

125

100

75

50

25

120

1o

100

80

LEGEND

Tou

*X LABORATORY DYNAMIC COMPACTION

—@-—
—(3— LABORATORY STATIC COMPACTION 2000 R3Sl

—&— LABORATORY STATIC COMPACTION 1000 P.SI

i) { —@— LABORATORY STATIC COMPACTION 200 P.S!

-8+ FIELD COMPACTION SHEEPSFOOT ROLLER
8 PASSES

-=@-— FIELD COMPACTION RUBBER TIRED LOAD

. 6 COVERAGES
: T
= HETS Il {

| 9 a # MODIFIED AASHO EFFORT

A % % STANDARD AASHO EFFORT

a NOTES

19y LABORATORY CURVES TAKEN FROM

0 3 FIGURES 2 THROUGH 5.

= FIELD CBR VALUES OBTAINED FROM

FBA UNDISTURBED CYLINDRICAL SAMPLE

PA
&) 13

10 15 20 25 a0 35
WATER CONTENT IN PERCENT DRY WEIGHT

Tig. 28 — Comparison of field and laboratory compaction and CBR.

40
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Fig. 83 — Cross-section of test section before placement of subgrade,
base, and asphalt concrete.
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Fig. 34. Structural pavement section of test road.
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Fig. 40 — Photograph of field test installation for
tests on subgrade.

Fig. 41 — Photograph of field test installation for
tests on asphalt concrete surfacing.




Fig. 42 — Photograph of an 18-in. plate test

on the subgrade.




—t—————mnmnm | 03ding PiStON

Load Cell smmm—pm—

———»70 Electronic Strip Recorder

Spacerm—w—

Circulor Disc

Dial Indicato /

Nylon Bushing

/

Loading Plate
Y
N Asphalt Concrete
Y
N
Nl
1 |
i
]
Deformation Ro el Casing

YRy |
I
i

: |

Hand Drilled Ho /e.-»f 1 Aggregate Base
N
| |
i |
i
Circular Disc. ! Nylon Bushing
N
|
i
Subgrade

Fig. 43 — Schematic section of the system used to measure deflections
of base-subgrade interface in layered pavement gections.




3

Modulus of Resilient Deformation, pst x 10

Modulus of Resilient Deformation, psi x 10°

)
Q

3

30

20

/10

o

60

50

40

30

20

/10

|

SECTION

SECTION 2

SECTION 3

|

O 30in diometer plote

© 24in diameter plare —
A 18in diometer plate

S
N 0 O\T.A 0 { A
0
0 4q 8 0 4 & 0 4 & /12
Pressure Applied to Plate-lbpersqin
I | l
SECTION 4 SECTION 5 SECTION &
I |
© 30in diameterplote
@ 24in diameterplate 1
A 18in diometer plate 'Q\
o) S \
X At
o A o - K :
0 4 8 o 4 8 0 4 8 /2

Pressure Applied fo Plate~lbper sqin

Fig. 44 — Results of repeated plate load tests

for six test sections.

at surface of subgrade




&z

“Ur-11 JOo SUNISTSUOD WB)ISAS

J9jBUDI BI0Io YIUF I (D)
w1 05 190 G -9)0]d 01 pEifddly 8455844
oc &/ o g

4

OF X U5~ ODWIRP JURINSRY

£

‘1 UOT}D9§ — IPBIZQNS PuB Iseq 91e80a33e pojeatjun 10

LRBWOIT 810l YU 2/ (9}
1 S 138G Fi- 3D} o O P1jAT Yy 4nSSaid

10Ae]-0M) JO 90EBLINS 1B §159) peol ajeld jo synsey — GF 8

1Pjwei] 0I4 YUl g (0}
o b5 200 G« 3101 04 PINID Y 34NS§RIS

05 oF Of 0z o e} os or of 0z o 0
ﬁ _ ﬁ ¢ _ _ ﬁ i
| 0 |
< __oaam”o_____wom S R A
%e__o*oog
co:ce o ﬁ
¥ g0
3 z Ao
% t%osoof ) .
B3 .o_eo—v» J
By W 03 ,
2 " i :
o P IR
3 ;:o_eo. _ | |
R < | _
|
=
QN lo.l T ! T |%Il \‘LI. %
% , | |
f | k
— gz 4_]!| -+ l[* ]
] ' |
| ) |
o

ar

2

o
&

o O X - HONOW IO} IWPIISRY

4

of




'S UoTI09g J0f 919I0U00 JTeydse Jo ul-3 ‘¢ pue 988 JO ‘Ul ¢
_ I I-1T ‘opeadgns jo Junsisuoo uwolsis
1edr1-99.43 Jo sjustodwod jo uonjearIozep jusiised pue sanssoad patidde usemjeq diysuonie[sy — op “Sra

o WEEQQ B0l YIUTZI () SB}IUIDIT B0} Youl § [y
oor o6 sl3dqf- M .M\Q Of paiyddly a1nssad Ui bs 4120 G -840/ of 04 PNy 34105554
ot oz o L/ o0/ & og &z
_ o T QQ
\ , o0 oy — o1
s 3
N o
S oz
3
8
o)
Of 3 -- —
w. os
3
..uu-..
3
ot
3 or
os og
09 L

09

OF X 4i=UOROWIO (T JUBI[ISEM

£




18de1-92ay) Jo sjuouodmoo JO UOIBULIOJOD JUSIISOI PUB 9INSS

'S U0T3098g 10f 930I0U0D jleydse Jo "UI-Z ") PUB o8EB(

ut bs 134 gy - 840/f Of parddy INSS i

oo/ o8

o9 o oz

Ipoibgng 10
LOHDWINaTg Juaiisey

T 954N03-350g fo
COHOUII0IG JUBIISEY

SSYIU Z] = I3{PUWDIG FjD)

o

S
~

n
~

e-0f X Ul —uojDw048@ jusiisay

&t

w1t b3 49d -

Jo 'ur-11 ‘epeasdqns Jjo we)sLs

oad patdde usemyeq diysuonerey — L *Srg

840/ Of paiyddty 3.4n558.44

o0/ (%4 o5 ez &

8po.bgng jo
YOI W0 o¢] uqm\\\me/V.\A

‘ -
\ BSINOD - ISP fO
uok

UOHDW 10480 tusijissy

SIYIUI G - 19PWDIT F10/g

0

S
~

">}
-

oz

c-Of X Ui —w0onDUW 03] JUBIISIY




"G UOII09S — 319I0U0D eydse 107 sdiysuorielex yidop -sa sanjeredwa}, — g% S g

139107 R0 J1pydsy yory L wzs (q)
Eom\muﬁem ‘srawong wigre wbs ssdgioort 4B}3UIDI]  1ig ¢
ur bs 24109 C&m&h@ Uclw  wrbs edqgy ¢ J34UrnIg .Q.“.% Y
Ui bs s3d grop ‘43w g Uigl e urbs ssd G106 "43wnig wr g o

~
2
g
S e
@
3
3 S
m_ oF 3
S =
P 3
3
>
]
i
W
N e 07
&
<
g
49 g o 3 VQ
Fo — SINI3d WS
18407 84343000 HOYASE yary s ur prz o)
urbs sed grogs 4SOl WG A wbs i3d grog
! . 08 * 4318u010 wi 21 ¥
U bsaad gy ¢ s BIPUWDIF g ¢ Vs Rd 00 ! ABIBUWDIG W ) g
‘wbs sadqoc 3WoIg wg ¢ U bs s3dgrop ¢ SBIBUWDIG w21 &
urbs 18dqr gz ‘ 18fauinIg WR g wbsiad g0z ¢ S8BT W Z) o
W T o ——— O
W O
3 3
N i
3 o1 3
3 —
3 2]
3 3
g QmQ

So — 0180 ws




00+8

‘PBOI 159) 9y} 10} SIUSWSINSESUL PUNOGSL WES] UBWI[aYuad — 6% "S1.1

00+<L 00+ 9

O0+%

buiuotiois pooy

00+¢

00+£

00+2

O0+/

V

/

N\

SIaINNI0] oydsy u 2/

g

"\
aa

WIVARY
V

SquWwaADd 4340 - 2344y

HBITUO]D JOYdSY Ul 2

\

00+0

R °
O X Ul = SJUSLWISINSDBYY PUnogay wWoag uowiexyussg

O
M

.
%

u1bs19d Gf0s = 04n553.4d 9414 N ﬂ
| poos 91x0 91000 3
PUNOGai 104 poyiaw uolpouo?)
os
—— et ]
18/104 3dA | ~100)5d0Y S 18110y OWNSU
| | |
“ _ “ “ | “ )
> " 9 U0i238 h G UoH238 | P UGHIES | £ U0HIFS _ g uonaas | Juoiaag D
! ’ | | | @
) ¢ I 2
I t ( !
i 1 _ 1 | | i

 Aompooy jo P




00+8

‘PEOL 159] J0] SIUOUIINSBIW UOTIIS[IIP “omﬁ.mﬁmm — 0¢ 8ig

SUoDIS Aompooy

00+74 00+9 00+5 004+ O0+£ 00+2 OO0+/ 0040
(OV uzz)43407¢g _
I
— b —] \/\\/.. ssasboly |
O\ a4 BN
TN ./ \ o
. NN (oVUpZ)

\//

/\/\

(9$0G Ul 1 ) 44, SNO/\

[

\\\.l/\.l\

N
N

w

\gm\uq £

£584604)
| trjsay)

IPDIOGns pai1odai

A

13110Y 8dA{ - jo0t5doaYy G

18] 10Y 20j0WnIUL

SOYIUI - i1 ‘U0I}I8/48F

|
i

S N,
|
|

9 YoH285

G w014238

—— - —y

e—

b U018

T

£ o238

1

e —— - —— —

2 U0I4238

I voi28g

AoMpooy O 3

1924 2




"snyeaedde Surpeo] pejesdoa ssexjs mof Jo sydeaSojoyd — 1¢ "Sig

‘uonjeuwrIoyep
SINSBAW 01 posn welshs LaAT ren(I -q

“UOTJBULIOTSP
9INSESUL 0} PISN J0JLOIPUL [BId °®




Fig. 52 — Photograph of apparatus for
laboratory repeated load tests on aggre-
gate base,
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Fig. 53 — Relationship between dry density, water content and resilient
strain for laboratory prepared specimens of subgrade soil.
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Fig. 54 — Relationship between water content and modulus of resilient
deformation for laboratory prepared specimens of subgrade soil.
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Fig. 62 — Comparisons between computed and measured
resilient deformations of the base course inatwo-layer
system consisting of 11-in. of base and the subgrade.
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Fig. 66 — Typical two dimentional repre-
sentation of finite element configuration.
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Fig. 67 — Bllinear material represeniation for subgrade materials
of Sections 1 and 4 from Fig, 57.
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Fig. 70 — Comparison between measured and computed resilient deformations
for three-layer pavement of Test Section 1 of the CCC Test Road (7. 2-in.
asphalt concrete surface).
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TABLE A-1 — SUMMARY OF RELATIVE COMPACTION TEE‘»TS1

APPENIIX A

BY NUCLEAR GAGE2

Test Lift Dry Density Water Content Relative
Section No, pef 9, Compz;ctwn
(]
1 1 94,1 14,2 83
2 - - —
3 93,3 16. 3 83
2 1 94.7 17.2 84
2 96, 3 18,4 86
3 93,2 16, 6 83
3 1 103.1 17.38 91
2 98.9 22,1 88
3 93.4 16,5 83
4 1 86.9 7.7 77
2 95.5 21,8 85
3 104, 3 18,2 92
5 1 95,4 17.5 85
2 104, 7 16, 2 93
3 99,2 14, 8 88
6 1 - - -
2 - - -
3 103, 2 14.3 92

1. Tests performed during construction by California Division of Highways Personnel,
2, Hidrodensimeter HDM-4.

TABLE A-2 — SUMMARY OF RELATIVE CO

BY SANL VOLUME AND OVEN CRYINGZ

MPACTION TESTS®

Relative
Test Lift Dry Lensity Water Content Compaction
Section No, pef % %
1 1 92,5 11,4 31.9
4 1 91,8 14. 4 81,4
5 1 97,2 13,9 86.1

1, Tests performed during ¢

2. 400°F oven temperature, drying for 30 minutes.

onstruction by Contra Costa County Personnel,
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Subgrade
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APPENDIX B
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TABLE B-1 — SUMMARY CF RESULTS OF FIELD TESTS (2 LAYER SECTION)
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TABLE B-1 (continued)

B~2

Section }’late Pressure Applieid Resilient Ceformation
Tested D1a¥neter on Plgte Total Subgrade Base Course

1n. ps1 in, X 1073 in, x 10-3 in, X 10'-3

5 i8 5 3.8 1.5 2.3

18 10 6.6 3.4 3.2

18 20 12.6 8.3 4.3

12 10 5,3 2.0 3.3

12 25 1,3 5.5 5.8

12 490 15.9 8,0 7.9

8 10 3.1 0.8 2.3

8 25 7.6 2,5 5.1

8 40 10, 8 9,0 6.8

6 18 5 6.8 3.0 3.8

18 10 10.3 5.5 4,8

18 20 17. 4 10,2 7.2

12 10 8.7 3.0 5.7

12 25 15,8 7.0 8.8

12 40 218 10,5 11.3

8 10 6.3 1,0 5.3

8 25 12,3 3.2 9.1

8 40 16,6 5.4 11,2




TABLE B-2 — SUMMARY OF RESULTS OF FIELL TESTS
(3 LAYERED PAVEMENT) (2,4-IN, ASPHALT CONCRETE)

B-3

Section Plate Pressure Applied Resilient Leformation
Testeq | LDiameter on Plate Total Subgrade |Base Course
m. psi i x 1073 | in, x 1073 | i, x 1073
1 12 20 17. 0 9,3 7.7
12 40 33.9 19,0 14,9
Note 1 * d .
12 60 52,2 27.5 24,7
12 80 67.0 46,0 21,0
8 25 13,7 4.5 9,2
8 50 25.2 10,5 14,7
8 75 37.2 18.0 19,2
8 100 48,9 25,0 23.9
2 12 20 9,4 4,0 5.4
12 40 16,2 8,3 7.9
12 60 23,0 13.0 10, 0
Note 2 12 80 29,2 17.8 11.4
8 25 6.7 2,0 4,7
8 50 12.3 4,5 7.8
8 75 17,0 7.0 10.0
g 100 21.5 10, ¢ 11,5
3 12 20 9.3 4,3 5.0
12 40 17.0 8.5 8,5
Note 1 12 60 24,8 13.8 11,0
12 80 34,3 18.5 14, 8
8 25 5.4 1,5 6,9
8 50 13. 3 4.5 B.8
8 75 19. 4 8.8 10.6
8 100 25,8 11. 8 14,90
4 12 20 11,8 See note 3
12 40 21.7
Note 1 12 60 31, 3
12 80 40,7
8 25 7.8
8 50 14. 8
8 5 20,7
8 100 27.2




TABLE B-2 (continued)

Section .Plate Pressure Applied Resilient Deformation
Tested D1a1?neter on Pl'ate Total Subgrade Base Course
in. psi in, x 1075 | in. x 10° in, x 1072
5 12 20 14, 9 7.5 7.4
12 40 28. 8 17.5 1.3
12 60 41,7 24,5 17.2
12 80 54, 3 35,0 19,3
8 25 10,8 3.5 7.3
8 50 21,2 9.5 11, 7
8 75 31.5 15.5 16, 0
8 100 40.7 22,5 18.2
6 12 20 12,1 6.8 5.3
12 40 25.5 14.5 11.0
Note 1 12 80 39, 3 22. 8 16.5
12 80 52.5 32.0 20.5
8 25 9,1 3.5 5.6
8 50 19,1 9.0 i0.1
8 75 29.0 14.0 15,0
8 100 a7.8 20,0 17. 8

1, Upon drilling the hole for the subgrade-base interface deflection reading, the base at
sections 1, 3, 4, and 6 appeared to contain free water.

2, 12-in, plate 80 psi pressure test section 2 discontinued after 80 applications as load-
ing moved reaction beam out of position.

3. Unable to drill hole through base - apparently due to water in the base.




TABLE B-3 — SUMMAR Y OF RESULTS OF FIELD TEST
(3 LAYERED PAVEMENT) (7,2-IN. ASPHALT CCNCRETE)

. Resilient Deformation
Section Df;:at:ter Pregzu;;eafep plied Total Subgrade | Base Course
Tested . . -3 . -3 . -3

in, pPsi in, X 10 in. x 10 in, % 10

1 12 20 3.6 2.4 1,2
12 40 8.1 5.5 2,6

i2 60 13.3 9.8 3,5

12 80 19,9 15.5 4.4

8 25 2.7 1.6 1,1

8 50 58 3.5 2.3

8 75 9.3 5.8 3.5

8 100 12.1 7.3 4,8

2 12 20 2.4 1.5 0.9
12 40 5,3 3.3 2.0

12 60 9,0 5.5 3.5

12 80 12.5 8.5 4,0

8 25 L5 0,6 0.9

8 50 3.3 1.7 1.6

8 75 5.6 2.8 2.8

8 100 7.4 3.8 3.6

3 12 20 3.2 2.0 1,2
12 40 7.2 4,8 2.4

12 60 11.3 8.0 3.3

12 80 17,2 1L, 8 5.4

8 25 1.5 0.8 0.7

8 50 3.9 2.3 1.6

8 75 6.0 3.3 2,7

8 100 8.7 5,5 3.2

4 12 20 3.3 2,0 1.3
12 40 7.6 5.0 1.6

12 60 12.2 8,5 3.7

12 80 17.2 11.5 5.7

8 25 2.0 1.3 0.7

8 50 4,3 2.3 2.0

8 75 6.4 3.8 2.6

B8 100 8.9 5.0 3,9




TABLE B-3 (continued)

B-6

Plate Pressure Applied Resilient Deformation
Diameter on Plate Base Course

in. psi im x 1073 | in. x 107
12 20 -
12 40 4,8 2,5
12 60 8.0 3.5
12 80 12.0 5.3

8 25 - -

8 50 4,0 2.5 1.5

8 75 6,2 4.5 1,7

8 100 9.0 6.0 3.0
12 20 2.4 L5 0.9
12 40 5.4 3.5 1.9
12 60 8.4 5.8 2.6
12 80 12,4 8.3 4,1

8 25 1,2 0.6 0.6

8 50 2.7 1.5 1,2

8 75 4,3 2.0 1.8

8 100 6.4 3.5 2.9




B~7

TABLE B-4 — SUMMARY OF TEMPERATURE GRALIENT FOR REPEATED
PLATE LOAD TEST ON 2, 4-IN, ASPHALT CONCRETE

Plate Size
Section Diameter Presssiur © Tir;xgaeéz,;ure
in, P Afr 0.5 in. 1, 0 in. 175 in.
1 12 20 70.7 73.2 72,2 72.6
12 40 70,8 73.0 73.0 72.0
12 60 69,7 72.3 72,4 715
12 80 69,1 71.6 72. 1 71.8
8 25 68,4 71,4 LT 7.7
8 50 66,4 70.5 7¢.5 710
8 75 64.1 69,2 69,6 70,4
8 100 61,5 67.1 68.4 69.2
Air 0, 375 in. 1,0 in, 1,75 in,
2 12 20 67.2 69.9 69.5 68,5
12 40 68.9 69,1 68, 6 68.2
12 60 69.0 68. 8 68,4 67,9
12 80 68,6 69.6 69. 4 69,4
8 25 68. 4 69, 8 69.9 69.2
8 50 68,1 69.1 69.3 69,1
8 75 68.4 69,2 68.9 68.6
8 100 68,0 68. 8 68.5 68.5
Air 0.5 in. 1, 0 in. 2,0 in,
3 12 20 52.3 55,1 55,1 54.6
12 40 53.6 54,5 54, 3 54,2
12 60 54.6 54,7 54, 4 54,1
12 80 55.8 55.5 54. 9 54.6
8 25 56,3 56.3 55.5 55.1
8 50 55.4 55.7 55.5 55.2
8 75 55.8 55.4 55.4 55,3
8 100 57.2 55.9 55.8 55.4
Air 0.625 in. 1, 0 in. 2.0 in,
4 12 20 55.8 57.9 58,1 57,3
12 40 56. 8 57.4 57.3 57.3
12 60 57.1 57.3 57.2 57,2
12 80 57.2 58,0 57,9 57,5
3 25 58.2 58,3 58.2 57.8
8 50 58,2 57.8 57.6 57.5
8 75 57.7 57.6 57, 3 57.4
8 100 57.8 57.5 57.2 57,3




TABILE B-4 (continued)

Plate Size Temperature
Section Diameter Pres:_ur ¢ Location
in, psi Ailr 0.75 in, 1,25 in. 2,25 in.
5 12 20 62,17 62.89 62,2 60,6
12 40 62,0 62.4 62.0 60.9
12 60 62.1 62,2 62,0 61,1
12 80 62,4 62.1 62.0 61.1
8 25 62,6 62.2 61,8 61.0
8 50 62.1 6.9 61.5 60.8
8 75 62,8 61.8 6L. 5 60.8
8 100 63,0 61,8 6L 5 61.0
Aly 0. 625 in, 1.0 in, 2, 0 in,
6 12 20 58,5 60. 8 60,8 60.2
12 40 58.8 60.4 60.5 60,0
12 60 59.1 60,4 60,6 60.1
12 80 59,3 61.0 60.3 60.7
8 25 59.4 61,3 61.6 61,1
8 50 Broken Thermocouple
8 )
8 100




B-~9

TABLE B-5 — SUMMARY OF TEMPERATUR & GRADIENT FOR REPEATED
PLATE LOAD TESTS ON 7.2-IN. ASPHALT CCNCRETE

Plate Size Temperature
Section | Tiameter Presz;u'e Lo%atigﬁr
in, P Air 0.5in. 1.0in, 175in 3.0in, 4.5im 5.5 in
1 12 20 52,9 53.56 53.7 53.8 52,7 51,6 51,6
12 40 53.8 53.7 53.5 53.2 52.1 51.3 50,9
12 60 54,7 b54.6 54,3 53,3 52,2 51,38 50,9
12 80 54,2 54,5 54,4 53.7 52.5 51,17 51,3
8 25 54,0 54,86 54,5 53.7 52,8 52.1 51,7
8 50 53.5 54.2 53.3 53.9 53.2 52,4 52.0
8 75 52,6 53.2 53.3 53.3 52,9 52,4 52,1
8 100 52.0 52.4 52.5 52.7 52.5 52,3 52.0
Air 0.564in, 1.25in., 2.25 in, 4.375in. 5,75 i
2 12 20 46,4 47.4 47,3 47,0 46,5 46, 8
12 40 46,3 46,9 46, 2 47,1 46,8 47.2
12 60 47,3 47.4 47. 3 47,1 47,0 47,2
12 80 48,1 48,5 48,2 47,6 a7, 4 47,6
8 25 48.4 49,1 48.9 48,3 47,8 47,9
8 50 49,1 49,1 48,9 48.5 48,2 48, 2
8 75 49,9 49.7 49,3 48, 8 48, 5 48,4
8 100 50.0 50.0 49,5 49,1 48.7 48,5
Air 0,601n, 1.5 in. 2.75in. 4. 437 in. 6,0 in,
3 12 20 53.2 5.8 49,7 48.4 47. 8 47.9
12 40 54.6 50,7 49,2 48.2 48,0 48.3
12 60 55.1 51,2 49,5 48,5 48.2 45,8
12 80 55,56 53.9 52,3 50,3 49,1 43. 0
8 25 56.1 55,5 54,4 52,0 50, 1 4%, 6
8 50 56,4 56.0 54, 4 52.6 50,7 50,0
8 75 53,1 55.8 54.5 52.9 51,1 50. 4
8 100 55,3 55,5 54.7 53.2 51.5 5¢ 9
Air 0.60 in. L 50 in, 2.75 in. 4.5 in 5.75 in,
4 12 20 57.3 53.2 52,6 50.5 49,0 49,1
12 40 58.7 54.2 52.2 50. 3 48,9 48, 8
12 60 59.9 55,1 53.2 50. 8 49,4 48,6
12 80 61.8 56,5 59.3 51.4 50,3 49.5
8 25 62.5 57.4 54.9 52.95 51.2 50,7
8 50 2.3 5.1 55.2 53,7 51.8 51,3
8 75 62.3 56.9 55.0 54,0 52.1 51,7
8 100 62,0 57.3 55.3 54,1 52,1 51, 8
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TABLE B-5 (continued)

Plate Size Temperature
Section | Diameter Pressuire Loc}:jation
in. ps Air  0.5in, L5in,  3,0in  4.875 in, 5.5 in,
5 i2 20
12 40 46, 8 49,6 50.4 51, 0 51,1 51,0
12 60 46,7 49, 8 50,3 50,9 51.0 50.6
12 80O 46, 8 49.9 50,7 50,8 51.0 50.7
8 256
8 50 47,4 50.9 52,4 52,1 51,2 51,4
8 5 47.0 50,1 51.8 51.8 51.2 50, 7
8 100 47,0 49,6 51,1 514 51,1 50.9
Air 0.5 in 1.5 in, 2.875in. 4.375in. 5. 375 in,
6 12 20 44, 8 48,4 49,2 49,2 48,9 48.7
i2 40 44,7 48,4 49,1 49,1 49,0 48,9
12 60 45,2 47.8 48,17 48, 8 48,9 49, 2
12 80 44,2 47,2 48,4 48,8 49,0 49,1
8 25 42,5 45.6 47,3 47.4 47,8 48,0
8 50 43,1 46, 8 47,5 47.8 48,1 48,1
8 75 43,1 46,8 47.7 48,0 48,3 48,3
8 100 44,6 47. 4 48,6 48,6 48,5 48. 5






